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Behavior and Socioendocrinology of Adult Male Rhesus Macaques of Cayo
Santiago
Abstract
Group-living carries significant costs: disease transmission, resource competition, reproductive
interference by conspecifics, and increased conspicuousness to predators. These costs can be
substantial for dispersing males, as they are not offset by any benefits of sociality to kin. Although
intragroup affiliative and aggressive interactions likely impact male reproduction and physiology,
assessment of these relationships is complicated by a multitude of non-social factors that affect male
behavior and physical condition in wild populations. Rhesus macaques (Macaca mulatta) of the
Caribbean island Cayo Santiago live in naturally-structured groups, free of predation or food scarcity. The
population's social complexity and simplified ecology offer a unique opportunity to evaluate the
reproductive and physiological correlates of social behavior, dominance rank, and age in group-living male
primates.
In the first chapter, I investigated the relationship between socio-demographic factors and male mating
success within a reproductive season. Dominance rank, age, and intrasexual aggression emerged as
principal determinants. Affiliative interactions with adult conspecifics were not related to the average
mating rate. Male-female dyads that groomed more mated less than non-grooming dyads.
The second chapter focused on glucocorticoid and androgen correlates of male rank, age, and sociality. I
found a significant correlation between glucocorticoid and androgen levels in fecal samples across
reproductive seasons. Both hormones peaked in the first half of the mating season when the levels were
closely related to male-male aggression rates. There was no significant difference between hormone
concentrations in the second half of the mating season and the birth season. The results indicated the
role of inter-individual differences in male endocrinology.
The third chapter evaluated a novel hair-based assay to assess cortisol levels. In young and middle-aged
males, this technique revealed a positive correlation between birth season hair cortisol concentrations
and average glucocorticoid values extracted from feces. Male-male affiliative and aggressive interactions
were closely related to hair cortisol levels. As a long-term indicator of hormone levels, hair holds a
promising potential for field endocrinology.
In the fourth chapter, I reviewed potential caveats of the feces-based assessment of glucocorticoid and
androgen levels in primates, and emphasized the importance of species-specific validation of this
technique.
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ABSTRACT

BEHAVIOR AND SOCIOENDOCRINOLOGY OF GROUP-LIVING MALE RHESUS MACAQUES
OF CAYO SANTIAGO
Mariya Rakhovskaya

Dorothy L. Cheney

Group-living carries significant costs: disease transmission, resource competition,
reproductive interference by conspecifics, and increased conspicuousness to predators. These
costs can be substantial for dispersing males, as they are not offset by any benefits of sociality to
kin. Although intragroup affiliative and aggressive interactions likely impact male reproduction
and physiology, assessment of these relationships is complicated by a multitude of non-social
factors that affect male behavior and physical condition in wild populations. Rhesus macaques
(Macaca mulatta) of the Caribbean island Cayo Santiago live in naturally-structured groups, free
of predation or food scarcity. The population’s social complexity and simplified ecology offer a
unique opportunity to evaluate the reproductive and physiological correlates of social behavior,
dominance rank, and age in group-living male primates.
In the first chapter, I investigated the relationship between socio-demographic factors and
male mating success within a reproductive season. Dominance rank, age, and intrasexual
aggression emerged as principal determinants. Affiliative interactions with adult conspecifics
were not related to the average mating rate. Male-female dyads that groomed more mated less
than non-grooming dyads.
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The second chapter focused on glucocorticoid and androgen correlates of male rank,
age, and sociality. I found a significant correlation between glucocorticoid and androgen levels in
fecal samples across reproductive seasons. Both hormones peaked in the first half of the mating
season when the levels were closely related to male-male aggression rates. There was no
significant difference between hormone concentrations in the second half of the mating season
and the birth season. The results indicated the role of inter-individual differences in male
endocrinology.
The third chapter evaluated a novel hair-based assay to assess cortisol levels. In young
and middle-aged males, this technique revealed a positive correlation between birth season hair
cortisol concentrations and average glucocorticoid values extracted from feces. Male-male
affiliative and aggressive interactions were closely related to hair cortisol levels. As a long-term
indicator of hormone levels, hair holds a promising potential for field endocrinology.
In the fourth chapter, I reviewed potential caveats of the feces-based assessment of
glucocorticoid and androgen levels in primates, and emphasized the importance of speciesspecific validation of this technique.
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CHAPTER I.

Indicators of male mating success in free-ranging rhesus macaques
“Talk to every woman as if you loved her, and to every man as if he bored you, and at the end of
your first season you will have the reputation of possessing the most perfect social tact.‖
— Oscar Wilde
Summary
Male-male competition for access to receptive females can take the form of non-recurring
fights and/or a sustained contest over mating opportunities. Current male physical condition has
been linked to male dominance rank and mating success in species characterized by male-male
fights for dominance and access to females. In group-living species characterized by endurance
rivalry, however, factors contributing to male mating success are less understood. In such
species, particularly seasonally breeding ones with low sexual dimorphism and rank based on
seniority, factors other than rank may prove important. These may include intragroup affiliative
and aggressive interactions, and age. To evaluate the contribution of these factors to male
mating success, I collected behavioral data during one mating season in a free-ranging,
seasonally reproductive rhesus macaque population, which experiences no predation or food
scarcity. Subjects came from two social groups and were of known ages and emigration
histories. I found that male dominance rank, age, and male-directed aggression were significant
factors in male mating success. Affiliative interactions were more prevalent among male-female
dyads who did not mate. This is the first study to identify the significance of male-male
aggression and male-female affiliation to male mating success in a species characterized by
endurance rivalry, high male rank stability and strong female mate choice. Social behaviors and
male age may be particularly important in determining male reproductive success in populations
experiencing high food availability and a lack of predation, which are typical of an increasing
number of vertebrates in areas densely populated by humans.
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Introduction
Parental investment theory predicts that in species with primarily female parental
investment, such as most mammals, a male’s reproductive success is chiefly determined by his
ability to compete for access to mates (Trivers 1972; Wrangham 1980). In group-living animals,
this intrasexual competition can occur in two ways: contests, and endurance rivalry (Andersson
1994). The latter refers to a drawn-out competition between males to maintain body condition
conducive to successful courtship of females for a longer part of the mating period. Most social
mammals are sexually dimorphic and exhibit contest competition, in which a male’s fighting
abilities determine his dominance rank and reproductive success (reviewed in Andersson 1994;
Ellis 1995). For example, a disproportionately high reproductive success by dominant males has
been documented in primates exhibiting high sexual dimorphism and male-male contest
competition (baboons, Papio cynocephalus ursinus: Bulger 1993; reviewed by Mitani et al. 1996;
mandrills, Mandrillus sphinx: Setchell et al. 2005). In contrast, dominance rank alone fails to
explain the distribution of male mating in several primate species characterized by low sexual
dimorphism (reviewed: Cowlishaw and Dunbar 1991; Rodriguez-Llanes et al. 2009) and
endurance rivalry (Dubuc et al. 2011). Additional socio-demographic factors, such as age and
social interactions, are likely to compound the effect of dominance rank on male reproductive
success in these species.
Precise age information is frequently unavailable for wild primate populations, but recent
captive work suggests senescence may affect male mating success. Testosterone levels
decrease with age (Microcebus murinus: Aujard and Perret 1998; Macaca mulatta: Sitzmann et
al. 2008). Moreover, semen volume continuously declines in aging humans (reviewed in Kidd et
al. 2001). Yet, male age was unrelated to male reproductive success in free-ranging Barbary
macaques (M. sylvanus: Kuester et al. 1995). The reproductive consequences of male aging
need to be further explored in free-ranging primates for which accurate demographic data are
available.
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Aside from male age, intragroup social interactions may mitigate the effect of rank on
male mating success in species characterized by low sexual dimorphism. Affiliative interactions
between males and females may influence male reproductive success in two important ways.
First, the formation of a pre-mating intersexual social bond may facilitate a male’s ability to
monopolize a female during her estrus (M. fuscata: Soltis 1999). Second, affiliative associations
with females may result in advantageous alliances for males in species, in which females can
outrank males (M. mulatta: Chapais 1986; Keddy-Hector 1992; Manson 1997a; M. fuscata:
Nakamichi et al. 1995). Despite a long history of behavioral studies, remarkably little is known
about the role of non-sexual male-female association in male reproductive success, particularly in
seasonally breeding primates.
Social bonds between unrelated adult males may also enhance male reproductive
success. Recent work in the Macaca genus shows that such associations can facilitate the
formation of male-male coalitions and help individuals to maintain or improve their dominance
rank (Berghaenel et al. 2011; Bissonnette et al. 2009; Higham and Maesripieri 2010). Midranking males appear most active in fostering these social bonds (Berghanel et al. 2010; Higham
and Maesripieri 2010). However, with one exception (M. assamensis: Schulke et al. 2010), the
relationship between male-male affiliative patterns and male reproductive success has not been
explored.
Unlike affiliation, male-male aggression is not expected to affect male mating success in
species exhibiting endurance rivalry. Indeed, such species are frequently characterized by low
male-male aggression rates and high male-male tolerance (Singh et al. 2011). Moreover, the
primary target of male aggression are usually females (Macaca mulatta: Kaufmann 1967; Manson
1994). Perhaps for these reasons, the association between intrasexual aggression and mating
patterns has not been explicitly tested in male primates with endurance rivalry and low sexual
dimorphism.
To examine the role of multiple socio-demographic factors in male mating success, I
studied free-ranging rhesus macaques (Macaca mulatta) of the Caribbean island of Cayo
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Santiago. Previous work has identified endurance rivalry as the primary form of male-male
competition for access to females in this species, characterized by a rigid dominance hierarchy
(Bercovitch 1997). The Cayo Santiago population is ideal for evaluating the reproductive
correlates of different behavioral and demographic characteristics for six reasons. First, due to
small sexual dimorphism and strong female choice (Manson 1992; Melnick and Pearl 1987),
factors aside from dominance rank are likely to contribute to male mating success. Second, strict
reproductive seasonality of the species complicates the ability of a high-ranking male to
monopolize all estrous females, and presents additional reproductive opportunities for
subordinate males (Dubuc et al. 2011; Ostner et al. 2008; Paul 1997). Third, male dominance
rank is based on seniority or the duration of a male’s residency in a social group (Berard 1990;
Kaufmann 1967). Yet, a male’s attractiveness to females decreases with increasing familiarity
(Manson 1995). Due to individual differences in age at natal dispersal and in frequency of
intergroup transfer, age is not correlated with male rank (Sprague 1998). Fourth, the availability
of detailed information on male age and immigration patterns for the population permits a unique
assessment of the relationship between demographic factors and male mating success. Fifth,
although the absence of food scarcity or predation distinguishes the Cayo Santiago population
from many wild primates, it notably increases the power of the analysis to identify the role of
behavioral factors in male reproduction by excluding confounding ecological variables. Sixth, a
rank-based difference in female fitness in the species (Blomquist et al. 2011) suggests the likely
significance of females’ ranks to the reproductive success of their mates.
The principal aim of this study was to evaluate the relationship between male mating
success and socio-demographic variables in a species in which the reproductive effect of male
dominance rank is confounded by other factors. Using observational data and multivariate
analysis, I compared the reproductive contributions of male dominance rank, age, female rank,
and male rates of aggression and affiliation across the birth and mating reproductive seasons.
This work expands on previous studies of male reproductive success in rhesus macaques by
evaluating the role of male-male and male-female social interactions in male mating frequency.
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Materials & Methods
Study site
The study was conducted on the 15.2-hectare island of Cayo Santiago (18° 09’ N 65° 44’
W), located about one kilometer east of the main island of Puerto Rico. The location is
characterized by a subtropical climate with distinct dry (December - March) and wet (AprilNovember) seasons. The average annual rainfall is 134 cm, while the temperature ranges from
an average low of 23°C to an average high of 30°C. The topography of the island varies from
wooded areas to sandy beaches and from occasionally flooded mangrove forests to rocky cliffs.
At the start of the study in October 2007, the rhesus macaque population consisted of
about 1000 individuals in six distinct social groups on Cayo Santiago. The population exhibits a
multi-male multi-female hierarchical social structure similar to that found in wild macaques (Sade
1967). Unlike the philopatric females, males disperse around the time of sexual maturity, which is
reached at approximately 4 years of age (Rawlins and Kessler 1986). Due to unique
identification marks, all animals older than 1 year are individually recognizable (Rawlins and
Kessler 1986). A remarkably detailed record of birth, death, and migration events for all Cayo
Santiago rhesus macaques over the past 60 years is available to researchers. I used this
database to determine the age and duration of group residency for observed animals. Cayo
Santiago rhesus macaques display strict reproductive seasonality (Rawlins and Kessler 1985),
with elevated rates of male mortality and dispersal during the mating season (Berard 1990;
Dixson 1998; Hoffman et al. 2008). In recent years, most conceptions took place between March
and August. The Cayo Santiago rhesus population is provisioned daily with commercial monkey
chow and frequently supplements its diet with island vegetation (Kaufmann 1967).

Study subjects
Twenty-nine adult male rhesus macaques were chosen as study subjects. My subjects
ranged from 5 to 22 years of age. Twelve of the subjects came from the social group V (12 adult
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males and 23 adult females) and included nearly the entire adult male membership of the group.
The other seventeen males constituted approximately half of the adult male population in the
larger group R (35 adult males and 60 adult females). Two natal males from group V and three
natal males from group R were included among the subjects. A minimum of three hours of focal
observation time per individual was gathered on all twenty-nine subjects (Table I-1). Due to
emigration or death of 3 focal animals, 26 males were followed for the entire 2008 mating season.

Behavioral data collection
Between March and December 2008, 1942 10-minute focal animal behavioral samples
were collected on all 29 study subjects (Altmann 1974). Data collection for the mating season
began at the end of the trapping season in mid-March and lasted until the birth of the first full-term
infant born in late August. Birth season data were based on the pilot study conducted between
October and December of 2007 on 12 R and 12 V males, who were consequently subjects in
2008. Male dominance rank, defined as a proportion of dominated same-sexed adults, was
determined by male-male approach-avoidance interactions recorded ad libitum (Seyfarth 1976).
For the duration of the study, the male linear dominance hierarchy in each study group remained
unchanged. Female dominance rank was determined in concurrent studies on female
reproductive behavior (Dubuc pers. comm., Widdig pers. comm.). Events that could potentially
affect group stability (e.g. death of high-ranking adults, new male immigrants, fights, male
injuries) were confirmed with the colony’s census takers. For each subject, behavioral samples
were collected 5-6 days a week between 10 am and 2:20 pm, after which time the island was
closed to researchers. The order in which individuals were followed was randomized to reduce
the effects of temporal variation in social behavior. The data were recorded with the specifically
designed ethogram on Noldus Pocket Observer® software on a Psion PDA (Noldus 1991). For
the present analysis, I focused on the following social behaviors.
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Sexual behaviors, such as mounts and consortships, between study subjects and parous
females were observed during the mating season. The female’s conceptive phase was inferred
from female genital presents to males, copulations, and reddening of the face (Dubuc et al.
2009). Consortship was defined (after Dixson 1998; Manson 1997b; Seyfarth 1978a) as a
temporary (30 min to 3 days) and exclusive intersexual association between an adult male and an
unrelated sexually receptive female. These intersexual associations consisted of i) continued
male-female proximity of within 5 meters for over 30 minutes coupled with the female’s genital
presents to the male, or (ii) coordination of open-mouth threat displays by the male and female
(Carpenter 1942; Lindburg 1983). Copulations were not always observed, but they were
common, particularly in the morning hours. Changes in consortship status were continuously
recorded ad libitum. Previous studies in rhesus macaques indicate high concordance between
mating rate and paternity (Bercovitch and Nurnberg 1996; Soltis 2004). For the 5 natal males, all
females who were not in their immediate matrilineal family (i.e. mother, sister or grandmother)
were considered potential mates and termed ―unrelated.‖
Affiliation was measured as hourly grooming rate between two adult unrelated
individuals. The subjects’ intrasexual and intersexual grooming bouts were recorded. The
direction of grooming was disregarded as males groomed substantially less than females
(Kaufmann 1967). Male-male grooming bouts and non-consort male-female grooming
interactions were used in the present analysis. The former were termed ―male-directed,‖ and the
latter were labeled ―female-directed.‖ Grooming interactions that occurred between a consorting
dyad were not included, as their non-sexual affiliative value was unclear.
Agonistic behaviors included fights, threat displays, and chases. Any one of these
behaviors was rare, so the hourly aggression rate was calculated based on their joint frequency.
A continuous aggressive interaction between two individuals was counted once, regardless of the
total number of aggressive behaviors displayed during that interaction. Rates of aggression were
calculated separately for male-male (male-directed) and male-female (female-directed) agonistic
behaviors. As aggression was directed only at lower-ranking animals, subordinate males had
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fewer potential targets of aggression. To account for this rank-based difference in potential
aggression rates, male-directed aggression rates were divided by the total number of intragroup
males ranking below the aggressor.

Statistical analysis
To determine the relative contribution of socio-demographic factors to male mating
success, I examined these predictor variables: male dominance rank, male tenure length, male
age, male-directed grooming rate, female-directed grooming rate, male-directed rate of
aggression, female-directed rate of aggression, and the proportion of a male’s consort partners
who were in the top third of that social group’s adult female hierarchy (Fem⅓). For the five natal
males, the female hierarchy used in the calculation of Fem⅓ excluded matrilineal kin. The
dependent variable for the multivariate analysis was male mating success, which was
represented by each male’s average consortship rate. Consortship frequency is likely a better
indicator of reproductive success than copulation rate as rhesus macaques are multi-mount
ejaculators (Alberts et al. 2006; Berard 1990; Brauch et al. 2008; Dixson 1998; Dubuc et al. 2011;
Soltis 2004). Moreover, a previous study found that males who formed long-term consortships
were more likely to father offspring than males who had short copulations (Berard et al. 1994).
Consortship rate and copulation rate were highly correlated across my study groups (Spearman
correlation: r=0.76, p<0.001, n=29).
First, I verified the independence of the socio-demographic predictor variables by
evaluating intercorrelations between these parameters. If two predictors had a Spearman rank
correlation greater than 0.7, then one variable was excluded from consequent analysis.
(Spearman correlation coefficient is abbreviated as rS when data from both groups were analyzed
jointly, rR if only data from group R were compared, or r V when data only from group V were
used.) If data from the social groups were analyzed separately, the subscripts of the sample size
(n) and the p-value denoted the group used in the specific analysis. Longer group tenure
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duration was significantly related to higher dominance rank among non-natal males in both
groups (rR=0.75, pR=0.002, nR=14; rV=0.96, pV<0.001, nV=10). Therefore, male tenure length was
excluded from the subsequent analysis. The other predictors (male rank, male age, maledirected grooming rate, female-directed grooming rate, male-directed rate of aggression, femaledirected rate of aggression, and Fem⅓) were correlated at rs of less than 0.6. Out of these
variables, three pairs were significantly correlated. Male dominance rank was closely related to
(i) female-directed grooming rate (rS=0.50, p<0.01, n=29, Figure I-1) and (ii) Fem⅓ for subjects
who formed consortships (rS=0.42, p=0.04, n=24). Male-directed grooming and Fem⅓ were
negatively correlated (rS=-0.46, p=0.02, n=24). Predictors were also tested for collinearity
(following Baayen 2008). Since the collinearity condition number for the seven predictors was
15.83, the variables could be treated as independent (Baayen 2008).
Second, I evaluated the collective effect of the predictor variables on male consortship
rate to further validate the choice of these predictors. To this end, I performed a likelihood ratio
test to compare the general linear mixed model (GLMM), with all predictor variables and group ID
as a random effect, to a null model with only the effect of group ID. The analysis revealed that
the contribution of at least one of the tested predictor variables to male consortship rate was
significant.
Third, I compared consortship rates in both R and V groups with a two-sample t-test to
justify pooling the data across social groups. Although group R had twice the number of
potentially synchronously estrous females than V, the average consortship rates of males in both
social groups did not differ significantly (Welch’s t=0.23, d.f.=24, p=0.82). Therefore, the random
effect of group ID was eliminated, and the role of each predictor was analyzed with simpler
general linear models (GLMs) across all 29 subjects.
Fourth, using all possible combinations of the seven predictor variables, I compared 127
additive GLMs to identify the predictor variables that best explained male consortship rate.
Regrettably, my sample size was not sufficient to allow for an additional analysis of the interaction
terms of the predictor variables. I identified the best GLM based on the comparison of the
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corrected Akaike’s Information Criterions (AICs) of each model. The AIC measured the extent of
the information lost for each GLM, and the use of the corrected AIC (AICc) took into account the
number of predictors relative to the sample size for each model. All resulting GLMs were ranked
best to worst based on their AICc. Each model was assigned a model number (i), where the
model with the lowest and best AICc was termed zeroth (i=0). The AIC difference (Δi)
represented the empirical level of support for model i compared to the zeroth model. Smaller Δ i
indicated substantial support (Burnham and Anderson 2010). Based on the total set of models, I
calculated the Akaike weight (wi) for each model to represent its likelihood. The relative likelihood
of the model was represented by its evidence ratio (wi/wi+1), which compared each model to the
GLM, which most closely superseded it in the AICc ranking (Burnham and Anderson 2010).
Next, I separately examined the three predictor variables that comprised the best GLM to
further describe their effects on male consortship rate. For each of these predictors, I compared
subjects in the two study groups based on that predictor, and determined the Spearman
correlation between that parameter and the response variable. Furthermore, for the two
predictors that had a smaller contribution to male consortship rate, I used residuals (i.e.
differences between observed consortship rates and expected consortship rates based on the
linear model with only the contribution from the top predictor variable) to corroborate the
independence of their effects on the response variable from that of the strongest predictor. For
post-hoc comparisons, I provide the average ± 1 SD.
Finally, although non-consort intersexual grooming did not appear to contribute to male
consortship rate based on the GLM-AIC analysis, I explored how specific intersexual social bonds
might have contributed to male mating success to address the frequency of non-consort
intersexual grooming bouts in the Cayo Santiago population (Chapais 1986). To this end, I
compared non-consort grooming rates in male-female dyads in the mating and birth seasons to
their consortship rates during the 2008 mating season (nR=168, nV=74). Only dyads that were
observed to engage in a social interaction (affiliative, agonistic or mate-guarding) during the study
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period were included in the analysis (nR-Males=17, nV-Males=11). The sample size did not permit a
multivariate analysis of the relationship between specific male-female pairs.
All statistical analysis was performed with R software (version 2.12.1).

Results
My subjects exhibited considerable variation in the rate of male mating success.
Although most males formed consortships with females, the rate of consortships and the social
rank of their female mates differed considerably across the sample. This variation allowed me to
carry out a multivariate analysis of the factors that contribute to male mating success.

Identification of the key predictors of male consortship rate
Male dominance rank, rate of male-directed aggression (normalized by rank), and age
emerged as the principal predictors of consortship rate among male rhesus macaques of Cayo
Santiago. The general linear model with the lowest (best) AICc score included these three
variables (AICc=-33.58, n=29, Table I-3). Based on the Akaike weight and the evidence ratio, this
GLM (italicized) was 1.5 times better than the next best GLM (Table I-2). The removal of natal
males from the sample did not affect the goodness of fit of the model. This result also indicated
that female-directed aggression, male-directed grooming, female-directed grooming, and female
rank were not related to male consortship rate.

Male dominance rank and consortship rate
Out of the three predictors that comprised the top GLM, male dominance rank came out
as the most important factor based on the p-value (Table I-3). High-ranking males displayed
higher average rates of consortship than subordinate males (Figure I-2). This effect was
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observed in both study groups, as the range of dominance ranks of my subjects was comparable
across groups. The average rank of study males in R was 0.63±0.3, while the average rank of V
subjects was 0.68±0.22. The two high-ranking males with low hourly consortship rates (<0.5)
were over 15 years old. Thus, age likely mitigated the effects of rank on their mating success.

Male-male aggression and mating success
As intrasexual aggression was the second most significant predictor for male consortship
rate (Table I-3), I examined this predictor more closely. Regardless of dominance rank, males,
who engaged in male-male aggression at a higher rate, on average had lower mating success
than males who had less frequent agonistic intrasexual interactions (Figure I-3). Perhaps due to
this effect and/or a non-contest-based rank-determination, intrasexual aggression was not
common in the male rhesus macaques of Cayo Santiago. Agonistic behaviors directed at and
received by other adult males were observed in 5% of focal animal samples in both social groups
during the mating season. The levels of male-male aggression were comparable across the two
study groups (Welch’s t=-1.89, d.f.=15, p=0.08).
Although male-directed aggression did not correlate with male dominance rank (r s=-0.25,
p=0.20, n=29), mid-ranking males were twice as aggressive as males in the top and bottom
quarters of the hierarchy. Low-ranking males were the primary targets of male aggression (r s=0.60, p<0.001, n=27). Male-directed aggression was not correlated with the rate of femaledirected aggression (rs=0.08, p=0.69, n=29). Male age was related to male-directed aggression,
with older males exhibiting less male-directed agonistic behavior than younger males (rs=-0.42,
p=0.02, n=29).
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Male consortship rate in relation to adult age
Male age was the third significant factor in male consortship success. Advanced male
age was negatively correlated with male consortship rate. Unlike dominance rank and intrasexual
aggression, subjects from the two study groups differed significantly in their age ranges (Welch’s
t=2.29, d.f.=26, p=0.03). The age range of R subjects was 13.29±4.32, and V subjects ranged
between 9.84±3.73 years old. In each social group, the subjects who dominated at least 80% of
other resident males, yet had the hourly consortship rate of less than 0.5 were over 15 years of
age (Figure I-2). The negative correlation between male age and consortship frequency,
controlled for the effects of rank and intrasexual aggression, was more evident in group R, where,
unlike older males, subjects younger than 14 years generally engaged in sexual consortships
more frequently than predicted by the regression line (Figure I-4a). No pattern in the association
between male age and the residuals of mating rate was observed in the V sample, where male
ages were less variable (Figure I-4b).

Dyad-based analysis of non-consort affiliation and male consortship rate
Male-female non-consort grooming behavior during the mating season was negatively
correlated with their consortship frequency (rS=-0.29, p<0.01, n=242). Across both social groups,
males who engaged in non-consort grooming interactions with adult females formed consortships
with those females at a significantly lower rate than males who had no recent history of nonsexual affiliation with their consorts (2-sample t-test: t=8.34, d.f.=139, p<0.01). The median
consortship frequency between grooming dyads was zero, while the consortship rate for nonaffiliating dyads was 0.2 (Figure I-5).
Despite a greater frequency of intersexual grooming among high-ranking males (Figure I1), on average they had a higher overall consortship rate and a greater number of mates than
low-ranking males (Figure I-6). Moreover, male rank was closely correlated with the average
rank of their female grooming partners for males in the top two-thirds of the dominance hierarchy
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(Figure I-7: rS=0.623, p=0.003, n=20). Nevertheless, low-ranking males who engaged in
intersexual grooming bouts had higher-ranking female grooming partners than predicted by the
linear regression based on mid- and high-ranking subjects (Figure I-7).
Male-female grooming rate in the preceding birth season was not related to the
consortship rate of the dyad. The rate of affiliative interactions between specific males and
females did not correlate with an increase in male mating success with those females (r S=-0.11,
p=0.11, n=229). This finding indicates that a non-sexual social relationship between a male and
a female does not directly increase the future reproductive potential of that male with that female.

Discussion
In the present study of the relationship between socio-demographic factors and male
mating success, I focused on a naturally structured population freed from some significant
ecological pressures such as predation and food scarcity. Although certain limitations, such as
an exaggeration of the impact of social factors, are inherent in such an ecological simplification, it
also offers useful advantages for this study. Most importantly, the ecological conditions of Cayo
Santiago, in many ways similar to those experienced by some urban vertebrate populations,
allowed me to concentrate specifically on social and demographic correlates of male mating
success. In this first macaque study to include both male affiliative and aggressive interactions
as possible contributors to male reproductive success, three socio-demographic characteristics
emerged as principal predictors of male consortship rate.
My finding of the significance of male dominance rank in male consortship rate agrees
with much of the earlier work on male reproductive success in non-egalitarian primates living in
multi-male multi-female groups (Alberts et al. 2006; Dixson 1998; Rodriguez-Llanes et al. 2009),
while contrasting with a few studies, in which no such relationship was found (Berard et al. 1993;
Kummerli and Martin 2005). Although high rank was related to greater mating success, some
dominant males exhibited much lower mating success than was expected based on their rank.
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This result, largely consistent with previous female-centered studies of paternity distribution in the
Cayo Santiago population (Dubuc et al. 2011; Widdig et al. 2004), indicated that, in accordance
with expectations for primates exhibiting small sexual dimorphism (Cowlishaw and Dunbar 1991)
and seasonality (Ostner et al. 2008), male rank is not the sole determinant of male reproductive
success. The focus on male, rather than female, behavior, allowed me to analyze the impact of
male social interactions on male mating success.
Several previous studies have reported the importance of endurance rivalry in male-male
competition in rhesus macaques (Bercovitch 1997; Higham et al. 2011), where male-male
aggression is apparently not a behavioral strategy to improve immediate mating success as it is
in many sexually dimorphic mammals (Cheney and Seyfarth 2007; Clutton-Brock and Albon
1979; Galimberti et al. 2007). In this first evaluation of the effect of male-male aggression on
male mating success for the species, I discovered that the males who achieved the highest
mating success engaged in lower rates of male-male aggression than males with a lower
consortship rate. The high levels of aggression among mid-ranking animals, compared to the
high-ranking individuals, suggest intrasexual competition via exclusion of new immigrant males
from the group and the role of male-male aggression in establishing future dominance
relationships. Thus, the effect of intrasexual agonistic interactions on lifetime reproductive
success needs to be examined.
The unique breadth of the Cayo Santiago database presented me with the unusual
opportunity to identify an inverse relationship between exact male age and consortship rate in
adult free-ranging males. Regardless of their dominance rank, older males exhibited lower
consortship rates than young adult males. The low mortality rate observed in wild rhesus
macaque populations in India suggests that the presence of old males is not unique to the Cayo
Santiago population (Malik et al. 1984). Given the scarcity of reliable demographic data on nonnatal free-ranging male primates, however, the effect of age on adult male reproductive success
is rarely considered. Yet, my results indicate the importance of including such data into the
analysis. While a similar relationship between age and male mating success has been reported
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in some cercopithecines (Leigh et al. 2008; Modolo and Martin 2008), no such association was
found in a study of Barbary macaques (Kuester et al. 1995). It is not clear whether the agerelated decline in male reproduction in my study population is a consequence of reduced
competitive (Widdig et al. 2004) and/or reproductive abilities (Sitzmann et al. 2008). Male age
should be considered in future studies of primate male mating success.
Unlike agonistic interactions between males, female-directed aggression by males was
not related to male mating success. This result supported previous work and agreed with
Manson’s assertion that male aggression was not an effective deterrent for female mate choice
(1994). Given the low sexual dimorphism and the significance of female choice in the species
(Chapais 1983; Manson 1992), male rhesus macaques may use other social tools to further their
fitness. Female-directed aggression, on the other hand, may serve to alleviate the physiological
stress inherent in group-living.
Male rhesus macaques engage in affiliative interactions, which sometimes result in longterm social bonds (Chapais 1986; Hill 1987; Kaufmann 1967) with adults of both sexes.
Nevertheless, I found no direct relationship between male grooming rates and mating success.
This finding contrasted with the only other macaque study to compare male-male affiliation and
mating success. Intrasexual social bonds were correlated with future male social dominance and
greater reproductive success in Assamese macaques (Schulke et al. 2010). As that study was
undertaken over a 2-year period, it is possible that the time frame of a single mating season was
insufficient to evaluate the reproductive benefits of male-male affiliative interactions in the rhesus
macaque. A recent study of rhesus male coalitions revealed that intrasexual association patterns
were indicative of future alliance partners (Higham and Maesripieri 2010). Lifetime reproductive
consequences of such coalitions in the species need to be evaluated.
Given the strong social role of females, the lack of an association between mating and
(non-estrous) affiliative interactions within specific male-female dyads was remarkable and
intriguing. This finding did not support earlier predictions of direct reproductive advantages for
cercopithecine males who formed pre-mating social bonds with females (Gumert 2007; Seyfarth
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1978b). Yet, the results were consistent with previous work on the reproductive consequences of
intersexual affiliation during the birth season in the Cayo Santiago rhesus macaques (Chapais
1986; Hill 1990) and on the reduction in male attractiveness to females with increasing tenure
length (Inoue and Takenaka 2008; Keddy-Hector 1992). However, the immediate and lifetime
advantages from a male’s perspective of forming male-female social bonds remain unclear. As
strong social bonds have been associated with lower stress (glucocorticoid) levels in female
rhesus (Brent et al. 2011), male sociality may similarly provide immediate physiological benefits.
Over a longer period, intersexual affiliations may also improve male dominance rank, thus
increasing male reproductive success. While cercopithecine females typically inherit their
dominance rank, males, as the dispersing sex, have to individually establish their non-natal social
status. Due to their similarity in size to males, macaque females may be valuable allies
(Berghanel et al. 2010; Manson 1997a; Schulke et al. 2010). This suggestion is supported by my
observation of affiliative interactions between newly immigrant low-ranking males and mid-ranking
females.
The close association between the dominance ranks of consorting males and females
indicates another interesting future line of research: male mate choice. Although little to no male
mate choice is expected in species with no paternal care (Trivers 1972), the inability of males to
monopolize estrous females and the differential reproductive success among females may favor
male choosiness (Ostner et al. 2008; Soltis 2004). Indeed in cercopithecines, which exhibit
these characteristics, males prefer to mate with high-ranking females (Keddy-Hector 1992) and/or
older females (Setchell and Wickings 2006). The Cayo Santiago rhesus population is
characterized by reproductive synchrony (Hill 1987) and greater lifetime reproductive success of
high-ranking females (Blomquist et al. 2011). Consequently, male mate selectivity may be
favored. As high-ranking males are frequently preferred by cercopithecine females (Engelhardt et
al. 2006; Perloe 1992), mate discrimination is likely to be most accessible to high-ranking males.
Although my subjects formed consortships more frequently with females in the top third of their
group’s hierarchy than predicted by the relative number of those females, I could not clearly
distinguish between female choice, which has been demonstrated in the population (Manson
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1992), and male mate choice. Moreover, I never observed nearly concurrent solicitations by
multiple females of the same male. Differences in female attractiveness to males may be more
easily quantified with regular hormonal and behavioral tracking of multiple females. With these
additional data, future studies in rhesus macaques may reveal male mate choice, particularly
among high-ranking individuals (De Ruiter et al. 1994; Miller et al. 2007).
The parental investment theory predicts that in species characterized by the absence of
paternal care, such as the rhesus macaque, male mating success is the primary determinant of
male fitness (Trivers 1972). Despite strong female choice and seniority-based rank ascent, male
dominance rank was a significant factor in rhesus male mating success, as in the more dimorphic
cercopithecines. Nevertheless, the effects of dominance were mitigated by age and social
interactions, as predicted for a species characterized by endurance rivalry. The current study is
the first to identify the negative effects of male-male aggression and non-consort intersexual
affiliation on immediate male mating success. In a subsequent paper, I will analyze the
physiological correlates of social interactions in male rhesus macaques. Further studies,
particularly in other species characterized by male-male endurance rivalry and low sexual
dimorphism, are needed to examine the lifetime reproductive corollaries of male affiliative and
aggressive behaviors.
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Table I-1. 29 male subjects followed in mating season of 2008. Group tenure length not
indicated for natal males.
Male

Group

Age
(years)

Male rank as the proportion of
group males dominated

Group tenure
(years)

12E

V

13.29

0.89

4.03

21B

V

15.39

0.42

0.06

30S

V

6.02

1

-

41N

V

8.27

0.59

2.70

51A

V

15.42

0.95

5.98

60L

V

8.38

0.63

2.87

61B

V

14.40

0.84

4.01

61R

V

6.41

0.47

0.18

72O

V

7.50

0.53

2.06

84T

V

5.39

0.79

-

89N

V

8.52

0.32

2.03

98K

V

9.13

0.68

3.94

03D

R

13.48

0.76

3.32

13I

R

10.15

0.49

5.96

14A

R

16.23

0.51

1.02

17K

R

9.48

0.15

0.11

18I*

R

10.25

0.61

5.93

29H

R

11.30

0.73

4.06

42F

R

12.46

0.54

1.06

44H

R

11.10

0.66

3.01

50B

R

15.21

0.71

4.01

57D

R

13.17

0.68

2.87

83L

R

8.37

0.93

-

K85

R

21.27

0.98

14.54

T82

R

18.20

0.07

0.11

26

T88

R

18.00

0.12

0.10

25I*

R

10.39

0.95

-

43R*

R

6.34

0.90

-

N60

R

20.42

1

11.67

*Dead/emigrated prior to the end of the 2008 mating season
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Table I-2. Comparison of the 5 GLMs that best describe male consortship rate. The best model
is italicized.
i

Predictors

AIC

AICc

Δi

wi

(wi/wi+1)

0

Age+Rank+M. Aggr

-36.19

-33.58

0

0.34

1.51

1

Age+Rank+M. Aggr +F. Groom

-36.58

-32.76

0.82

0.22

5.3

2

Age+Rank+F. Groom+F. Aggr+M. Aggr

-34.75

-29.42

4.16

0.04

1.0

3

Age+Rank+F.Groom+M. Groom+M. Aggr

-34.67

-29.33

4.25

0.04

1.02

4

Age+Rank+F. Groom+M. Aggr+ Fem⅓

-34.62

-29.29

4.29

0.04

0.48

Table I-3. The relative contribution of the predictor variables in the best GLM for the average
male consortship rate
Estimate

Std. Error

t-value

Pr>|t|

Intercept

1.43762

0.60940

2.359

0.02644

Rank

1.80636

0.50310

3.590

0.00141

Male-directed aggression

-31.005

9.40286

-3.297

0.00292

Age

-0.08722

0.03155

-2.765

0.01055

28

Figure I-1. Male dominance rank, represented as the proportion of intragroup males dominated,
was indicative of the frequency of female-directed grooming in both study groups during the 2008
mating season.
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Figure I-2. Male dominance rank was significantly positively correlated with the average hourly
consortship in subjects from both study groups. Each dot represents a male subject, while the
color indicates his group identity.
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Figure I-3. Male-directed aggression is plotted against residuals of consortship rate normalized
for male dominance rank. Each dot represents a subject, with dark dots indicating males from
group R, and white dots representing V males.
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Figure I-4. Relationship between male age and his average consortship rate regressed on male
dominance rank and male-male aggression in a) group R and b) group V.
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Figure I-5. Box plots representing consortship rates of R and V males who groomed with
females (168 dyads) and those who did not groom with females (74 dyads). Boxes indicate
inter-quartile ranges, and whiskers represent the 95% confidence intervals.
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Figure I-6. Consortship rate as a function of male dominance rank for consorting male-female
dyads (n=98)
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Figure I-7. Comparison of male dominance rank with the average rank of their female non-consort
2

grooming partners in the mating season. Top /3 of the male hierarchy is represented by black
dots, while the bottom third is represented by red diamonds. Dashed lines identify the 95%

Average rank of female grooming partners

confidence interval of the linear regression.
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CHAPTER II.
Seasonality, individuality and fecal glucocorticoids and androgens in adult free-ranging male
rhesus macaques

“There's just one me
Nobody like me
Take a look and see
Just one me”
– Big Bird
Summary
To evaluate the relationships between socio-demographic characteristics, glucocorticoids
and androgens, I collected behavioral and hormonal data on 29 free-ranging seasonally breeding
male rhesus macaques during socially stable mating and non-mating seasons. The study
population did not face substantial non-social stressors known to affect glucocorticoid levels, such
as predation or food scarcity. Thus, the physiological impact of specifically social stressors could
be assessed. Based on 358 hours of observational data and the analysis of 1455 fecal samples,
I found significant differences in glucocorticoid and androgen levels (i) between reproductive
seasons and (ii) among individuals. Rhesus males exhibited highest glucocorticoid and androgen
concentrations in the period of the greatest number of conceptions. Hormone levels during the
second half of the mating season were more similar to those of the non-mating season.
Glucocorticoid and androgen output in males increased at the end of the non-mating period,
despite the absence of estrous females. This rise suggested an anticipation of the mating season
by males. These patterns of hormone secretion and reproduction revealed that the traditional
female-based definition of reproductive season did not closely represent the ―mating season,‖
from a rhesus male’s perspective. Although dominance rank, affiliative behavior, and age were

36

not associated with levels of adrenal and testicular steroids, within-individual hormone outputs
were consistent across seasons. These findings highlight the significance of reproductive timing
and inter-individual differences in primate males living in socially complex societies.

Introduction
Stress, a disruption of homeostasis, is a constant fact of life. The vertebrate stress
response manifests itself in the activation of the hypothalamic-pituitary-adrenal (HPA) axis, which
induces the secretion from the adrenal cortex of glucocorticoid (GC) hormones, such as cortisol,
from the adrenal cortex to prepare the body for coping with the stressor (Sapolsky 2002). The
primary function of these steroid hormones is to mobilize the body’s energy resources and slow
down the activity of the parasympathetic nervous system. Although highly adaptive as a shortterm response to an acute stressor, a chronic elevation in GC levels is pathogenic (Wingfield and
Sapolsky 2003). Sustained activation of the stress response can lead to cardiovascular and
neurobiological deteoration, and to suppression of the immune and reproductive systems (Dumas
et al. 2010; Sapolsky 1997; Sapolsky 2000). In group-living mammals, such as primates, social
and non-social challenges can activate the HPA axis (Sapolsky 2005). Social or psychological
stressors can persist for years if an animal continuosly experiences a loss of control or
predictability or lacks outlets for frustration (Sapolsky 2004). Non-social stressors, on the other
hand, tend not to last as long.
Male mating activity or reproductive status has been closely associated with
glucocorticoids in primates (baboons, Papio hamadryas ursinus: Bergman et al. 2005; Lemur
catta: Gould et al. 2005). Glucocorticoid secretion and mating activity can also correlate with
androgens, a class of hormones to which testosterone belongs, particularly in seasonal breeders.
The ―challenge hypothesis,‖ originally developed for birds, posits that seasonally breeding males
only maintain high testosterone levels during the part of the mating season characterized by high
levels of male-male aggression (Wingfield et al. 1990). Thus, the mating season with its elevated
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energetic demands may become the time of both increased GC and testosterone concentrations,
and heightened reproductive activity (Bercovitch and Ziegler 2002). As activation of the HPA axis
typically inhibits testosterone secretion (Sapolsky 2005), a concurrent increase in GC and
androgen levels may appear unlikely. Yet, during the mating season, seasonal breeders can
develop resistance to the disruptive effects of chronically high GC levels on the reproductive
physiology (Wingfield and Sapolsky 2003). In fact, concurrent increases in glucocorticoid and
testosterone concentrations during the mating season were reported in the seasonally breeding
mandrills (Mandrillus sphinx: Setchell et al. 2010), tufted capuchins (Cebus apella: Lynch et al.
2002), and macaques (Macaca fascicularis: Girard-Buttoz et al. 2009; M. assamensis: Ostner et
al. 2011). The variation in the degree of reproductive seasonality in the Macaca genus presents
an important comparative opportunity to explore the relationship between reproductive timing and
hormone levels.
Since Sapolsky’s pioneering work on wild male baboons (Papio hamadryas: 1982), the
relationship between dominance rank and GC levels has been the primary focus of research on
the social correlates of stress in group-living mammalian males (reviewed in Abbott et al. 2003;
Creel 2001). Sapolsky reported that under socially stable conditions low-ranking males exhibited
higher GC concentrations, compared to high-ranking animals, due to the former’s lack of control
and absence of outlets for frustration (1982). This finding has been replicated in another baboon
population (Bergman et al. 2005) and in Assamese macaques (Macaca assamensis: Ostner et al.
2008). However, other cercopithecine primates exhibit the opposite pattern of dominant animals
showing elevated GC levels (Lophocebus albigena: Arlet et al. 2009; Macaca fuscata: Barrett et
al. 2002; Papio cynocephalus: Gesquiere et al. 2011a) or no association between male rank and
adrenal function (Macaca mulatta: Bercovitch and Clarke 1995; Macaca fascicularis: GirardButtoz et al. 2009; Mandrillus sphinx: Setchell et al. 2010). The lack of a consistent rank-GC
relationship in male primates suggests that additional factors contribute to adrenal function. In
particular, the frequency and type of intragroup social interactions have been proposed to affect
the relative cost of male dominance rank and GC levels (Goymann and Wingfield 2004).
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To date, our understanding of the relationships between hormones and sociodemographic factors in free-ranging male primates has been primarily shaped by two long-term
studies of baboon populations, greatly affected by non-social stressors (predation and floods:
Cheney and Seyfarth 2007; variation in food availability: Gesquiere et al. 2011b). These data
indicate that in socially stable periods the GC levels are (i) not associated with age (Bergman et
al. 2005; Gesquiere et al. 2007), (ii) negatively related to the rate of intragroup affiliative
interactions (Sapolsky and Share 2004), and (iii) elevated in recent immigrant males (Bergman et
al. 2005). Baboon testosterone concentrations, on the other hand, declined with advanced age
(Beehner et al. 2009) and were not associated with aggression rates (initiated or received) during
socially stable periods (Beehner et al. 2006). In other cercopithecine species, males who were
frequent targets of male aggression exhibited higher glucocorticoid levels, which served to
mobilize energy (Arlet et al. 2009; Ostner et al. 2008). Thus, the relationship between aggression
and adrenal function remains poorly understood (Honess and Marin 2006), particularly in species
in which males ascend in rank primarily by group tenure length, rather than aggression. Further
studies of other free-ranging primate species living in complex societies, for which detailed
demographic data are available, are needed to improve our understanding of the relationships
among sociality, physiology, and age.
The presence of multiple potential stressors in wild primate populations substantially
complicates the assessment of the physiological correlates of specifically socio-demographic
factors. Thus, these relationships may be more identifiable in naturally structured populations
freed of certain ecological pressures. Although a simplied ecology is likely to affect the intensity
of physiological responses to social stressors, it can provide an important baseline indication of
adrenocortical and testicular function for further studies of wild primates. Due to the absence of
food- and predation-related stressors, the study population of rhesus macaques living on Cayo
Santiago, an island off the east coast of Puerto Rico, presented a unique opportunity to focus on
the hormonal correlates of specifically social and breeding-related stressors. Similar to their wild
conspecifics, the Cayo Santiago rhesus macaques live in multi-male multi-female groups,
characterized by a strict linear dominance hierarchy and a high degree of reproductive

39

seasonality (Dixson 1998; Melnick and Pearl 1987). In fact, the demography of Cayo Santiago
macaques is quite similar to that of an increasing number of wild rhesus macaques in Indian cities
(Malik et al. 1984). As the dispersing and understudied sex in the field of cercopithecine
behavioral endocrinology, rhesus males may offer new insights into how age and social
interactions with unrelated individuals relate to stress and reproductive physiologies.
The primary objective of the present study was to explore the interactions between hormone
levels and socio-demographic factors across two reproductive seasons in Cayo Santiago adult
male rhesus macaques. Using a combination of behavioral observations, fecal samples, and
demographic records, I compared variation in glucocorticoid levels to reproductive status,
androgen concentrations, dominance rank, grooming rate, male-male aggression, and age. This
project represents the first analysis of the association between multiple socio-demographic
factors and hormone levels in free-ranging cercopithecine males living in socially complex groups
facing no substantial ecological stressors.

Materials & Methods
Study site and subjects
The study was carried out on the rhesus macaque (Macaca mulatta) population on the
Caribbean island of Cayo Santiago (18° 09’ N 65° 44’ W) between March and December 2008.
This population is remarkable for (i) its detailed demographic records, (ii) absence of predation
and the daily provisioning of the colony with commercial monkey chow, which were expected to
minimize the effect of ecological stressors, (iii) high level of habituation to human observers, and
(iv) clearly differentiated reproductive seasons. Previous studies have defined the mating season
as a 6-month period during which nearly all copulations take place (Brent et al. 2011; Widdig
2002). The mating season of this population is characterized by high rates of intergroup male
tranfer and greater male reproductive cost (Hoffman et al. 2008). The birth season, in turn,
covered the other half of the year, which coincided with the majority of births and lasted from the
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birth of the first full-term infant until the first observed mating of the following year. The timing of
reproductive seasons as described above was primarily based on female physiology. However,
the occurrence of copulations is usually not evenly distributed over the course of the defined
mating season. In my study, for example, over 70% of observed copulations occurred within the
first three months (March to May) of the 6-months mating period, and more than 90% of full-term
infants were born between September and November, indicating that conceptions were also
strongly biased toward the months of March to May. Therefore, I subdivided the mating season
into ―high mating‖ (March-May) and ―low mating‖ (June-August) seasons. I termed the
September-November interval the birth season, and the December-February period, the prebreeding season. Due to the annual trapping period for population control, no behavioral data
could be collected in January and February.
The subjects were adult males (>5 years, Rawlins and Kessler 1986) from two social
groups. Fifteen individuals were from the large group R, which comprised 36 adult males, 59
adult females, and about 170 immature individuals. Fourteen subjects constituted the entire male
hierarchy in the smaller group V, which also included 22 adult females and ~60 non-adult
individuals. Male dominance rank, defined as a proportion of dominated same-sex adults, was
determined by male-male approach-avoidance interactions recorded continuously ad libitum
(Seyfarth 1976). Male hierarchies in both groups remained stable during the study, and all
fluctuations in dominance rank were related to death or emigration of higher-ranking males. As
male rank is closely related to his group tenure length (Berard 1990), immigration events did not
affect ordinal ranks of subjects. Focal animals ranged in age between 5 and 22 years (average
age±SD: 11.77±4.11 years).

Data collection
Behavioral: 10-minute focal animal samples (Altmann 1974) were recorded 5-6 days a
week between 10 am and 2:20 pm, at which time the island was closed to researchers. Due to
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death and emigration of subjects, the number of individuals followed fluctuated across seasons
so that I collected between 4.37 and 15.62 hours per subject (AverageHighMating=4.27±0.97 h,
nHighMating=25; AverageLowMating=4.21±0.7 h, nLowMating=29; AverageBirth=3.26±0.6 h, nBirth=30). The
order in which individuals were observed was randomized to reduce the effects of temporal
variation in social behavior. The recorded behaviors included activities that (i) involved other
rhesus individuals (e.g. grooming, displacements, chases, and consortships) or (ii) were socially
neutral (e.g. eating, locomotion, and rest). For this analysis, I focused specifically on affiliative
and aggressive interactions.


Affiliation was measured as the hourly grooming rate between a subject and
another male or a non-estrous female in his social group. Grooming interactions
with estrous females were excluded due to the close association between male
dominance rank and mating activity (Rakhovskaya in prep.). The direction of
grooming was disregarded, as males are known to direct grooming substantially
less than females (Kaufmann 1967). Based on the non-focal animal involved,
affiliative interactions were subdivided into: (i) ―male-male,‖ (ii) ―male-female,‖
and (iii) ―male-juvenile.‖ While the first two categories involved adult individuals,
the latter included prepubescent (1-3 year-old) animals of both sexes. As social
interactions of suckling infants largely reflected those of their mothers (Berman et
al. 1997), male-infant association were very rare and omitted from the analysis.
For subjects natal to their social group (n=5), all grooming interactions with their
immediate matrilineal kin (i.e. mother, sister or grandmother) were not included in
this measure of affiliation.



Aggression was calculated as the hourly rate of charges, chases, and threat
displays between adult males. Due to the overall infrequency of these behaviors,
I calculated their joint frequency. If a male directed a series of aggressive
behaviors toward another within 5 minutes, these agonistic behaviors were
counted once, regardless of the total number of aggressive behaviors observed
due to a potential lack of independence in these observations. Rates of male-
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male aggression were subdivided into male-directed aggression rate (MDR) and
aggression received from males (ARM). As aggression was directed only at
lower-ranking animals, subordinate males had fewer potential targets of
aggression. To account for this rank-based difference in potential aggression,
the observed male-directed aggression rate was divided by the total number of
intragroup males ranking below the aggressor.

Hormonal: Over the course of the study, I collected 1455 fecal samples for analysis of
glucocorticoid and androgen excretion. When a subject was observed to defecate between 7:00
am and 12 pm, I collected the entire dropping. All samples were non-diarrhetic and
uncontaminated by blood or urine. In the field, each sample was (i) homogenized with a stick, (ii)
placed in a polypropylene tube, and (iii) kept on ice for a maximum of 6 hours before samples
were placed at -20°C until transport (in a frozen state with dry ice) to the hormone laboratory of
the German Primate Center (DPZ) for analysis (see also Brent et al. 2011; Dubuc et al. 2009). I
attempted to collect at least one sample a week per focal animal. Due to death or emigration, the
total number of samples per subject varied (average ± SD: 40.6±13) and was proportional to the
duration of their stay in the study groups during the study period. For the 22 subjects who
remained for the entirety of the project, I collected an average of 48.9±5.73 samples per
individual.

Fecal extraction and hormone measurement
Hormone analysis followed the procedure previously described (Dubuc et al. 2009;
Heistermann et al. 1995). Briefly, each fecal sample was lyophilized and pulverized. An aliquot
(~ 50 mg) of the fecal powder was extracted by vortexing with 3 mL of 80% methanol in distilled
water. Following centrifugation of the fecal suspension, the resulting supernatant was stored at 20° C until enzyme immunoassay (EIA).
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GC levels in samples were analyzed with the EIA for immunoreactive 11βdihydroxyetiocholanolone (3α, 11β-dihydroxy-CM), a group-specific measurement of 5-reduced
3α,11β-dihydroxylated cortisol metabolites (Ganswindt et al. 2003; described in detail in
Heistermann et al. 2004). The assay has been validated and successfully applied for monitoring
adrenocortical activity in various primate species, including macaques (e.g. Heistermann et al.
2006). It has also been recently validated for female rhesus monkeys (Hoffman et al. 2011), and
I further biologically validated it in male rhesus macaques. For this, I made use of the stressful
event of trapping (incl. anesthetization; e.g. Whitten et al. 1998) of animals during the 2009
trapping (see also Hoffman et al. 2011). I collected fecal samples from 14 males before, during,
and after trapping, and analyzed samples in the 3α, 11β-dihydroxy-CM assay. As demonstrated
in Figure II-1, all but 2 animals responded to the stressor of trapping and anesthesia with a
marked, on average 555% (range 165-1322%), increase in fecal 3α, 11β-dihydroxy-CM levels.
On average, the peak response in GC output was recorded after 35.2 hours after trapping (range
24-72 hours). In animals that responded with a GC increase to the stressor, levels substantially
declined following the animal’s release (Figure II-1).
The consistency of the assay within and across microtiter plates was determined via
measurements of quality controls or samples of known hormone concentration. The inter-assay
coefficients of variation (CV) for the low and high value quality controls were 18.6% (Low, n=57)
and 12.7% (High, n=57). The intra-assay CVs were 7.85% (Low, n=16) and 5.5% (High, n=16).
The sensitivity of the assay at 90% binding was 1.0 pg.
Androgen levels were assessed with the epiandrosterone (fEpi) EIA, which has
previously been used to measure fecal androgens in several macaque species (Girard-Buttoz et
al. 2009; Mohle et al. 2002; Ostner et al. 2011). With colleagues, I biologically validated the
assay by demonstrating that, unlike the testosterone assay, the epiandrosterone assay reliably
discriminated between adult and prepubescent males across reproductive seasons (Figure II-2).
Although prepubescent males typically weigh less than adults, differences in body weight do not
underlie the differences in androgen levels (Spearman rank correlation: r S=0.17, n=22, p=0.46).
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For the epiandrosterone analysis, the inter-assay CVs were 18.8% (Low, n=60) and 9.6% (High,
n=60). The intra-assay CVs for the low and high quality controls were 8.7% (n=16) and 6.9%
(n=16), respectively. Assay’s sensitivity was 1.5 pg at 90% binding.
The accuracy of the 3α, 11β-dihydroxy-CM and fEpi assays for the rhesus macaque was
verified with a high-performance liquid chromatography (HPLC) analysis of a fecal extract from a
study subject. While the 3α, 11β-dihydroxy-CM assay measures immunoreactivity almost
exclusively in positions where authentic 11ß-hydroxyetiocholanolone elutes (fractions 10-30,
Figure IV-4a), the epiandrosterone assay measures immunoreactivity mainly at the position of
androgen metabolites (after fraction 40, Figure IV-4b). The comparison of these HPLC results
indicated minimal, if any, cross-reactivity between glucocorticoids and androgen measurements.
All hormone measurements were run in duplicate, and all assay results were
standardized for differences in the dry weight of the collected fecal samples. Hormone
concentrations are expressed as mass hormone per mass dry fecal weight.

Data analysis
Glucocorticoids & androgens
To examine the relationship between glucocorticoids and androgens, I compared the
relative hormone concentrations within subjects across the study period. As the hormone data
did not follow a normal distribution, the Spearman’s rank correlation was applied to the monthly
hormone averages to evaluate GC-androgen relationship in the Cayo Santiago males. By using
monthly averages, rather than comparing androgen and glucocorticoid values in the same
sample, I attempted to avoid the complication of correlated errors.

45

Response variable
The high degree of correlation between GC and androgen levels obviated the need to
compare the relationship between the socio-demographic predictors and each hormone
separately. The dependent variable was the monthly (4-week) GC average for each individual.
Male fecal glucocorticoid values did not significantly differ between the two social groups (Welch’s
t=-0.67, d.f.=26.19, p=0.51). Thus, data collected from R and V males were pooled. The effect of
the three reproductive seasons (high mating (HM), low mating (LM), and birth (B)) on hormone
levels was assessed with a non-parametric repeated measures one-way ANOVA (Friedman test)
for the 24 subjects observed in all three reproductive seasons. Furthermore, GC levels observed
in December, previously considered part of the birth season of the Cayo Santiago rhesus
macaques, were compared via the Wilcoxon signed rank test to the average birth season
(September-November) GC levels.

Predictors
To determine the socio-demographic factors related to fecal GC levels, I identified the
following predictor variables: reproductive season (categorical), male dominance rank, male-male
grooming rate, male-female grooming rate, male-juvenile grooming rate, male-directed
aggression (MDR), rate of aggression received from males (ARM), and male age. Male tenure
length and consortship rate had to be omitted from the analysis due to their high correlation with
male rank (two-tailed Spearman rank correlation: rS>0.6, p<0.01, n=27). The remaining seven
continuous predictors were correlated at rS<0.57 and had, according to Baayen (2008),
acceptable collinearity (condition number=17.1) for treatment as independent parameters.
Furthermore, each of these variables exhibited sufficient variance (more than 10% of their values
differed from zero) to warrant further testing. As the frequencies of social behaviors were not
normally distributed, I used the non-parametric Wilcoxon signed rank test to compare them
across reproductive seasons.
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Multivariate statistical analysis
I assessed the effects of the seven continuous predictor variables on the GC levels with
general linear mixed models (GLMM). As the same individuals were sampled repeatedly,
individual identity was included as a random factor. Given the assumption of normality of the
dependent variable in a GLMM analysis, I used the natural logarithm (ln) of the GC values in the
models. The Lilliefors test for normality indicated that the transformed GC values were normally
distributed within each season (p-value>0.05).
For each reproductive season, GLMMs that included all possible additive combinations of
the seven predictor variables were constructed. The sample size did not allow for the testing of
the interaction terms of the predictors, thus potentially strengthening the effect of individual
identity. I identified the best seasonal GLMM by comparing (i) the corrected Akaike’s Information
Criterions (AICc), which accounted for the number of predictors and sample size in each model,
(ii) Akaike weights (wi), which represented the likelihood of the corresponding model, and (iii)
evidence ratios (wi/wi+1), which compared each model to the GLMM, which most closely
superseded it in the AICc ranking (Burnham and Anderson 2010). Consequently, the models
within each reproductive season were ranked best (zeroth) to worst with the AIC difference (Δ i)
representing the empirical level of support for model i compared to the zeroth model. For the
best model in each season, I assessed the relative contribution of the random effect of male
identity to the combined effect of all continuous predictor variables. This analysis was performed
by evaluating the AICc values for a model containing only male identity (random effect) and a
model with only the 7 predictor variables (fixed effects).
The statistical analysis was performed with the R software (version 2.12.1).
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Post hoc tests
To further explore the potential correlates of GC levels, between-subject variation and
within-subject variation in hormone concentration were analyzed with post-hoc tests. For the
between-subject comparison, I calculated seasonal averages for the variables of interest and the
relevant Spearman rank correlations. Here I used all data from subjects that were consistently
sampled for at least 2 months within one reproductive season. To evaluate within-individual
variation, I ran paired non-parametric Wilcoxon signed rank tests for animals that were observed
for over 2 months in at least 2 reproductive seasons.

Results
Seasonal variation in glucocorticoid and androgen outputs
Over the 10-months study period, rhesus males exhibited substantial variation in fecal
glucocorticoid and androgen levels (Figure II-3). GC levels followed a strong seasonal pattern,
with highest concentrations during the high mating season (March to May) and lowest at the end
of the low mating season in August (Figure II-3; average±SD: GCHM =621±185.52 ng/g;
GCLM=389±128.77 ng/g; GCB=405±122.76 ng/g; GCDec=511±197.78 ng/g). A similar seasonal
pattern was found for androgen excretion with the highest and most variable androgen levels
observed during the high mating months (average±SD: fEpiHM=5601±1547 ng/g). By contrast,
androgen levels were substantially lower and less variable during the low mating season
(fEpiLM=2914±1048 ng/g) and the following birth season (fEpiB=2990±1053 ng/g). Fecal
androgen concentration started to rise again by the end of the birth season in late NovemberDecember (fEpiDec=3843.68±1504 ng/g). This finding was quite unexpected because December
preceded the mating season by two months. Within-individual monthly glucocorticoid and
androgen concentrations were strongly correlated (r S=0.75, p<0.001). Therefore, I restricted
subsequent analysis of the relationship between socio-demographic factors and hormones to
adrenocortical hormones.
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The seasonal pattern in GC output was reflected in the GLMM results. The model with
the lowest AICc-value (166.7 compared to the next best AICc of 170.06) and greatest evidence
ratio (0.84) only included month as predictor variable. Within-individual hormonal differences
2

were statistically significant among HM, LM and B seasons (Friedman test: χ = 27.5833, df = 2,
p<0.001). The hormone distribution in December, a period between birth and high mating
seasons, differed significantly from the birth season (Wilcoxon signed rank test: p=0.036, n=28)
and suggested an anticipation of the following high mating season (Figure II-3).
These seasonal patterns do not reflect changes in hourly rates of socially neutral
behaviors (i.e. eating, locomotion, rest), which did not differ across HM, LM and birth seasons
(Friedman rank tests: p>0.05). To evaluate the interaction of socio-demographic factors with GC
levels, I developed separate models for the three reproductive seasons.

GC-behavior relationship in the High Mating season
During the high mating season, elevated GC values were related to higher male-directed
aggression rate (MDR) and a lower rate of received aggression (ARM) (Table II-2, wi/wi+1=0.53).
Out of the 127 models that included all possible combinations of the seven predictor variables,
the GLMM with the greatest Akaike weight and evidence ratio included only MDR and ARM as
significant predictors (Table II-1). Yet, only MDR significantly contributes to the top GLMM. Male
rank, age, and grooming rates were not significant predictors of fGC levels.

GC-behavior relationship in the Low Mating and Birth seasons
For both of these reproductive seasons, the best GLMM contained only the random effect
of male identity (evidence ratios: LM=1.3; B=1.48). The socio-demographic predictor variables
were not related to fGC levels during the low mating and birth seasons. Although the rate of
male-male aggression stayed nearly constant throughout the year (Wilcoxon sign rank tests:
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p>0.1, Figure II-4), agonistic behavior was not associated with GC levels in the low mating and
birth seasons. Similarly, adrenocortical activity did not reflect seasonal changes in the patterns of
grooming behavior in males (Figure II-5).
Male identity, rather than age or any of the examined social behaviors, was most closely
associated with the GC output in the low mating and birth seasons. During both periods, the
random effect of male identity was significantly better at explaining GC values than all of the
predictor variables combined (Table II-1).

Post-hoc tests: between- and within-individual variations in GC levels
Within each reproductive season, there was substantial variation in glucocorticoid levels
among subjects. A between-individual comparison showed that this inter-individual variation in
GC output was linked neither to male dominance rank nor age (HM: rS-Rank=0.31, pRank=0.10, rSAge=-0.09,

pAge=0.66, n=29; LM: rS-Rank=0.20, pRank=0.31, rS-Age=-0.25, pAge=0.19, n=29; B: rS-

Rank=0.17,

pRank=0.37, rS-Age=0.08, pAge=0.69, n=29). A subsequent within-subject analysis

indicated high consistency in GC levels between seasons (Figures II-6a and II-6b). When 24
males observed across all the three seasons were subdivided into 3 categories based on their
fGC production, 14 stayed in the same category across all three seasons, and 6 retained their
category between two consecutive reproductive seasons. As male hormone levels may indicate
future male rank (Beehner et al. 2006), I compared high mating season GC levels for 10 subjects
who remained in group R until the mating season of 2010 with their dominance ranks during the
2009 and 2010 high mating seasons (Widdig, unpublished). Given the high rank stability in the
population, no clear relationship between hormone levels and future male rank emerged.
Regrettably, corresponding data were unavailable for group V. No clear behavioral correlate of
between-individual variation in GC emerged.
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Discussion
Free-ranging male rhesus macaques on Cayo Santiago exhibited substantial seasonal
variation in their glucocorticoid and androgen levels, with highest concentrations of both
hormones observed during the three-month period of the mating season when almost all
conceptions took place. Previous work in macaque species indicates that males increase
glucocorticoid and androgen production in response to the presence of estrous females (GirardButtoz et al. 2009; Glick 1984), and rhesus males distinguish between conceptive and nonconceptive phases in familiar females (Higham et al. 2010). Elevated GC and androgen
concentrations during the mating season have been reported in several seasonally-breeding
social primates (Barrett et al. 2002; Girard-Buttoz et al. 2009; Lynch et al. 2002; Ostner et al.
2011; Setchell et al. 2010), including plasma testosterone levels in captive rhesus macaques
(Gordon et al. 1976; Herndon et al. 1996). Yet, two novel observations emerged.
The clear reproductive and physiological differences in males between what I defined as
high and low mating periods suggest the importance of redefining reproductive seasons for the
population, and potentially the species. From a rhesus male’s perspective in terms of both
mating activity and endocrine status, the low-intensity mating season is more akin to the birth
season than to the start of the mating season. Therefore, for future studies of this and other
similarly seasonally breeding male primates, I propose to subdivide the year into mating, nonmating, and potentially pre-breeding seasons based on the temporal distribution of conceptions
and births, rather than observations of copulations.
Although data collection was not possible in the two months prior to the start of the high
mating season, the significant rise in GC and androgen levels at the end of the birth season
suggests that males anticipate the following mating season. This increase is unlikely to be
explained by the pre-mating trapping season, as no such changes occur in rhesus females on
Cayo Santiago (Brent pers. comm.). Moreover, studies in other strictly seasonal breeders
(Barrett et al. 2002; Girard-Buttoz et al. 2009; Saimiri boliviensis boliviensis: Wiebe et al. 1988)
including captive rhesus macaques (Gordon et al. 1976) reported elevation of androgens two
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months prior to the appearance of estrous females. As there are no substantial changes in food
availability, the mechanism that triggers the season-related activation of the HPA and gonadal
axes on Cayo Santiago may be related to rainfall patterns (Rawlins and Kessler 1985). While
social cues from females cannot be excluded as a factor, data from captive males indicate
seasonality in testicular function in the absence of females (Herndon et al. 1996). Given the
energy costs associated with a successful mating season (Higham et al. 2011) and elevated GC
and androgen levels (Sapolsky 2000), the pre-breeding rise in hormones likely increases male
competitive ability and reproductive success. Further studies exploring the potential social cues
that activate pre-mating rise in adrenal and testicular activities in free-ranging populations are
needed to improve our understanding of the underlying physiological mechanism.
While overall aggression rates remain constant throughout the year, more aggressive
males exhibited higher GC levels in the high mating season, whereas no such relationship was
observed in the low mating and birth seasons. Given the apparently voluntary nature of directed
aggression and the inverse relationship between male-male aggression and consortship rate
(Rakhovskaya in prep.), this result is surprising, particularly as elevated glucocorticoid levels over
prolonged periods of time carry costs (Sapolsky 2004). Yet, several other cercopithecine species
exhibit a similar relationship (Arlet et al. 2009; Bergman et al. 2005). The positive aggression-GC
association may have three explanations. First, this relationship indicates an association
between aggression and androgen levels, as glucocorticoid and androgen concentrations were
highly correlated. Thus, the result supports the challenge hypothesis, which predicts an
association between androgen levels and intrasexual aggression in the mating season. Such a
relationship has been previously reported in seasonally breeding primates (Cavigelli and Pereira
2000; Ostner et al. 2011). Second, due to the correlational, rather than causational nature of the
study, male-directed aggression may be the consequence, rather than the cause of the observed
GC-aggression relationship. Agonistic interactions may present males with an outlet for
frustration (Sapolsky and Share 2004; Virgin and Sapolsky 1997). Third, overall, male-male
aggression occurred rarely, and, given the integrative nature of steroid measurements from fecal
samples, may have insufficiently altered glucocorticoid concentrations during the sampling period.
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Nevertheless, the absence of the aggression-GC relationship outside of the high mating season
suggests that agonistic interactions affect the HPA axis activity during the period of utmost
reproductive importance to male rhesus macaques.
Aside from seasonality, inter-individual differences played the most important role in
adrenocortical function in male rhesus macaques. Given the widespread use of small sample
sizes of rhesus macaques in biomedical research, this finding has important implications for
captive work. In fact, inter-individual differences and their underlying causes have similarly been
reported in a captive rhesus population (Capitanio et al. 2004), yet they are rarely addressed in
studies of free-ranging primates. Although the unusual ecological situation of the Cayo Santiago
rhesus macaque population may have emphasized individual differences over those found in
species experiencing greater predation and resource scarcity, a high degree of inter-individual
variation in stress physiology has previously been reported in wild male cercopithecines (Arlet et
al. 2009; Sapolsky 1994). Moreover, the ecological conditions approaching those of Cayo
Santiago are likely to become more widespread for group-living primates due to increases in
habitat degradation and human population. The effects of the genetic make-up and early social
experience on consequent adult physiology are particularly interesting to explore in highly-social
primates. Recent work in captive rhesus macaques indicates a correlation between male infant
temperament and cortisol concentrations in the milk (Sullivan et al. 2011). The males of Cayo
Santiago provide a rich opportunity for longitudinal, genetic, and psychological explorations of
individual differences in a free-ranging population.
The lack of a correlation between dominance rank and adrenocortical activity in the
population suggests that high male social status does not carry a significant cost, and/or lowranking animals do not experience higher levels of stressors compared to dominants (Goymann
and Wingfield 2004). As male dominance rank in rhesus macaques is primarily acquired through
seniority (Berard 1990) rather than male-male aggression typical of many primates (Smuts 1987),
the first explanation appears more probable. The second explanation, on the other hand, is
undermined by the observation that subordinate males are frequent targets of aggression
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(Rakhovskaya in prep.). Similar findings of no rank-effect on male glucocorticoid levels in other
socially-stable cercopithecines (Girard-Buttoz et al. 2009; Setchell et al. 2010) indicate that the
absence of a rank-GC relationship in the present study is not an unusual artifact of the simplified
ecology of the Cayo Santiago population.
Although rhesus males frequently engage in grooming interactions with non-estrous
females (Chapais 1986; Hill 1990), juveniles (Hill 1987), and other males (Higham and
Maesripieri 2010), these social bonds do not yield immediate physiological benefits that have
been reported in rhesus females (Brent et al. 2011), male baboons (Ray and Sapolsky 1992) and
Macaca radiata (Silk 1994). Affiliative interactions were not related to GC concentrations in the
subjects. As close physical contact with conspecifics carries substantial costs, such as higher
rates of disease transmission and food competition (Nunn and Altizer 2006), multiple
observations of adult males engaging in grooming interactions with unrelated individuals indicate
the importance of social bonds for rhesus males. Moreover, spatial proximity in rhesus
macaques is associated with maintenance of male coalitions (Higham and Maesripieri 2010).
Nevertheless, male social bonds did not correlate with GC levels within three-month reproductive
seasons.
In conclusion, this study is the first to explore the relationship between adrenal hormones
and social behavior in seasonally breeding group-living primate males living under naturalistic
social conditions, yet in the absence of typical non-social environmental stressors. The results
revealed the importance of reproductive seasonality and individuality to the glucocorticoid and
androgen levels in male rhesus macaques. Behavioral and hormonal data suggest the existence
of three distinct male reproductive seasons: high mating season, non-mating, and pre-breeding.
This classification is different from those previously used for the species. Despite a high rate of
social interactions with conspecifics, male-male aggression was related to the adrenal function
only in the high mating season. These findings support some of the earlier work on
cercopithecines and provide an intriguing incentive to further explore the physiological and social
bases of individual variation and reproductive seasonality in animals living in complex societies.
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Table II-1. Comparison of the contribution of random vs. fixed effects in high mating (HM), low
mating (LM) and birth seasons. The best model for each season is italicized.

Season

Model

AICc

HM

MDR + ARM

84.91

HM

Male ID

102.32

LM

Male ID

86.22

LM

Age+Rank+MDR+ARM+Groom ♂+Groom♀+GroomJv

117.81

Birth

Male ID

43.66

Birth

Age+Rank+MDR+ARM+Groom ♂+Groom♀+GroomJv

95.83

Table II-2. Results of the best GLMM assessing behavioral and age effects in high mating season
on fecal GC concentrations in 23 subjects. The significant predictor based on α=0.05 is
italicized.

Fixed effects

Estimate

Std. Error

t-value

P-value

Male-directed aggression

3.376

1.66

2.03

0.041

Male-received aggression

-0.606

0.34

-1.77

0.075
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Figure II-1. Biological validation of the fGC assay. Individual (lines) and average (striped bars)
levels of fecal 3a,11ß-dihydroxy-CM in response to capture and anesthesia stress in 14 adult
male rhesus macaques.
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Figure II-2. Biological validation of the androgen (fEpi) assay via a comparison across
reproductive seasons of prepubescent (Juv) and adult males (*: P<0.05, **: P<0.001, NS:
P>0.05). The boxes indicate the inter-quartile, while the whiskers show the 95% confidence
interval. The black dots represent outliers, and the line in each box is the median fEpi level for
that subset of males.
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Figure II-3. Monthly variations in the fGC (gray bars) and fEpi (green bars) levels in the eleven
males continuously followed for 10 months. Boxes indicate inter-quartile ranges, and whiskers
represent the 95% confidence intervals.
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Figure II-4. Seasonal variation in levels of directed male-male aggression in 24 males followed
across HM, LM and B periods. Error bars represent one standard deviation.
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Figure II-5. Average (non-consort) grooming rates in 23 males observed across high mating (red),
low mating (gray) and birth (green) seasons. The grooming rates are separated by the grooming
partners (adult male, adult female or juvenile). Significance level is indicated above each
Wilcoxon signed-rank comparison (*: P≤0.05, **: P≤0.01, NS:P>0.05).
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Figure II-6a. Within-male comparison of fGC values in HM & LM seasons in 23 subjects. For
unknown reasons, one male displayed very high GC values at the start of the HM season and
was omitted as an outlier from the graph. The slope of the regression line indicates a positive
within-individual correlation between fGC levels in high and low mating seasons, with males
exhibiting higher fGC at the start of the mating season.
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Fig. II-6b. Within-male comparison of fGC values in LM and B seasons for 24 males. The
regression line shows a strong intraindividual correlation between seasonal average levels of fGC
(indicated by dots).
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CHAPTER III.

Evaluating adrenocortical activity in free-ranging rhesus macaques using a hair cortisol analysis
“A friend is a present you give to yourself.‖
– Robert Louis Stevenson
Summary
Most studies of the vertebrate stress response rely on short-term (hours-days) measures
of glucocorticoid levels in blood, saliva, urine or feces. Yet these useful indicators have certain
limitations which may complicate assessment of chronic activation of the stress response. By
contrast, cortisol concentrations in hair represent an integrated, long-term (weeks-months)
measure of the mammalian activation of the hypothalamic-pituitary-adrenal axis. As this analysis
is more resistant to short-term environmental perturbations and variation in sampling conditions, it
may provide a useful assessment of baseline adrenal function in conjunction with other
techniques. Using previously validated assays, I compared average birth season glucocorticoid
concentrations in hair and fecal samples from 27 free-ranging adult male rhesus macaques.
Hormone values obtained from hair and feces were positively correlated in young and middleaged males. However, this relationship was not found in old males, possibly due to age-related
changes in hair growth rate. I then evaluated the relationships between hair cortisol levels and
socio-demographic factors in young and middle-aged males. Low hair cortisol concentrations
were associated with higher rates of intrasexual grooming, lower rates of directed aggression,
older age, and/or higher dominance rank. The data suggest that group size may also impact
long-term glucocorticoid levels. This first study of hair cortisol levels in free-ranging primates
demonstrates the potential of hair hormone analysis to elucidate long-term physiological patterns
in mammalian populations. Further work is needed, however, to determine how aging may affect
hair growth rates across species.
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Introduction
Glucocorticoid (GC) hormones play an integral role in the vertebrate stress response.
The ability to measure these adrenocortical hormones accurately is critical to our understanding
of animal physiology. To date, most studies of the mammalian response to stressors have
analyzed GC concentrations using near-instantaneous (i.e. minutes) and short-term (i.e. hoursdays) indicators of adrenal function. Despite the recognized value of these sampling techniques,
there are certain limitations associated with their use. The near-instantaneous (e.g. blood or
saliva) GC measures directly indicate levels of circulating cortisol, but the technique is susceptible
to fleeting environmental changes, such as time of day, food intake, and aggression (Davenport
et al. 2006). Moreover, the collection of these samples often requires capture, which in itself
increases GC levels (Sapolsky 1982) and complicates sampling of wild populations. Short-term
hormone indicators provide an excellent alternative to near-instantaneous measures, as the
samples are collected non-invasively and represent an integrated glucocorticoid value over a
longer time period, from several hours (urine) to a maximum of two days (feces). However, they
are also not without complications. Variability in sampling conditions, diet, and possibly metabolic
rate may alter the time period represented by glucocorticoid levels in fecal and urine samples
collected repeatedly. A measure of chronic GC levels (e.g. 3-6 months) could serve to
complement non-invasive short-term glucocorticoid indicators.
Hair, a uniquely mammalian tissue, offers a useful opportunity to measure glucocorticoid
levels reliably over extended time periods. Nearly every steroid hormone found in blood is
consistently deposited into growing hair shafts via the blood vessels that vascularize hair follicles
(Davenport et al. 2006). Based on studies of hair growth rate in adult humans (Mandt and BlumePeytavi 2005) and post-shaving re-growth pattern in rhesus macaques (Dettmer pers. com.), an
average primate hair represents a time interval of 3-4 months. As an indicator of average
adrenocortical activity over a period of several months, hair glucocorticoid levels are less affected
by short-term stressors, such as a single fight, than are short-term GC measures. Although
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assays of human hair for glucocorticoid concentration are not uncommon (Cirimele et al. 2000;
Raul et al. 2004), this technique has not previously been employed in studies of free-ranging,
non-human primates. A recent analysis of cortisol content in the hair of polar bears, however,
indicates the potential of this approach for evaluating baseline adrenocortical activity in wild
populations, where capture and hair shaving are possible (Bechshoft et al. 2011).
Male rhesus macaques, Macaca mulatta, of the Caribbean island of Cayo Santiago are a
particularly good model for evaluating the hair cortisol technique in free-ranging group-living
mammals. In an earlier analysis of hair samples from captive rhesus males, the cortisol assay
was successfully validated for the species (Davenport et al. 2006). The annual trapping season
of the Cayo Santiago population facilitates the collection of hair samples. Finally, as aging has
been previously implicated as a factor in hair growth rate in humans (Mandt and Blume-Peytavi
2005), the detailed demographic records available for all Cayo Santiago rhesus macaques permit
a careful assessment of potential age effects on cortisol concentrations in hair.
In the present study, I pursued two research objectives. First, I examined the
dependability of the hair cortisol analysis in free-ranging primate populations by comparing
cortisol concentrations in hair to the average GC levels in fecal samples, estimated to represent
the corresponding time period. Independent validations of both hormone assays (hair:
Davenport et al. 2006; feces: Hoffman et al. 2011, Rakhovskaya and Heistermann in prep.)
previously demonstrated that both integrative measures function as reliable indicators of
adrenocortical activity in rhesus macaques. Second, I explored the application potential of the
hair cortisol technique for free-ranging social animals by assessing the relationship between hair
cortisol levels and several behavioral and demographic variables in adult male Cayo Santiago
rhesus macaques.
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Materials & Methods
Study site and subjects
The study, part of a larger project, was carried out on 27 free-ranging adult male rhesus
macaque population of the island of Cayo Santiago located near Puerto Rico (for further
description see Rawlins and Kessler 1986). The subjects ranged in age between 5 and 22 years
(average age±SD: 12.04±4.09) and came from two social groups, R and V. Fourteen individuals
were from the larger group R, which was comprised of 256-307 individuals, including 33-36 adult
males, 57-59 adult females, and their immature offspring. Group V, meanwhile, contained 96119 animals, including 13 subjects, 22 adult females, their juveniles and infants. Group size
changed in both groups primarily due to births.
Rhesus macaques exhibit a strict linear dominance hierarchy. Male dominance rank,
defined as a proportion of dominated same-sex adults, was determined by male-male approachavoidance interactions recorded ad libitum (Seyfarth 1976). Subjects included high-ranking (top
⅓ of the group male hierarchy), mid-ranking (middle ⅓) and low-ranking males (bottom ⅓). Male
hierarchies in both groups remained stable during the study, with all changes in dominance rank
due to death or emigration of higher-ranking males.

Data collection
Hormonal:
Hair: Between late January and early March 2009, the 27 subjects were captured during
the annual trapping period (see Campbell and Gerald 2004 for more information). Upon trapping
between 8 and 11 am in feeding corrals by trained staff members, animals were transported to a
field laboratory on Cayo Santiago, where they remained in holding cages (0.62 x 0.42 x 0.62 m)
overnight. The following morning, veterinary technicians anesthetized the males with ~10 mg/kg
IM dose of ketamine HCl. Hair from the posterior region of the neck (between the cistern magna
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and scapular bones) and upper thigh were shaved as close to the skin as possible, without
breaking or damaging the skin. Shaving was done with a commercially available electric razor.
The hair samples were placed into pouches of aluminum foil for protection during storage and
shipment to the hormone laboratory at the University of Massachusetts in Amherst (Davenport et
al. 2006).
Fecal: I collected 23.7±3.5 fecal samples per subject from September to early January.
In this non-trapping period, I attempted to collect at least one sample a week per focal animal.
Fecal samples were also collected opportunistically from trapped animals. All samples were
uncontaminated by blood or urine and collected only when the focal male was observed to
defecate between 7:00 and 13:00. In the field, each sample was (i) homogenized, (ii) placed in a
polypropylene tube, and (iii) kept on ice for a maximum of 6 hours. Subsequently , the samples
0

were kept in a -20 C freezer until they were transported (in a frozen state using dry ice) to the
hormone laboratory at the German Primate Center (see also Dubuc et al. 2009).

Behavioral:
Based on estimations of hair age at collection (Meyer pers. comm. and observed hair
growth rate following shaving), I focused on behavioral data collected over a period of 4 months
(September – December 2008), as behavioral data collection was not possible during the annual
trapping period. These months corresponded to the birth season of this seasonally-breeding
species (Hoffman et al. 2008), and no sexual behaviors were observed during this period of time.
I recorded 10-minute focal animal samples (Altmann 1974) 5-6 days a week between 10
am and 2:20 pm, at which time the island was closed to researchers. Between September and
December 2008, I collected 4.4 ±0.64 hours of observation per subject. The order in which
individuals were followed was randomized to reduce the effects of temporal variation in social
behavior. For this analysis, I focused on activities that involved other conspecifics:
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Affiliation was measured as the hourly grooming rate between a subject and another
animal over one year of age in his social group. Grooming rates were low (Kaufmann
1967) so I combined grooming given and received. Based on the non-focal animal
involved, affiliative interactions were subdivided into: (i) ―male-directed,‖ (ii) ―femaledirected,‖ and (iii) ―juvenile-directed.‖ Juveniles were individuals under 3 years of age, of
either sex. To facilitate inter-individual comparison, all grooming interactions between 4
subjects natal to their social group and their immediate matrilineal kin (i.e. mother, sibling
or grandmother) were not included in this measure of affiliation.



Aggression measured the hourly combined (due to the overall infrequency of these
behaviors) rate of charges, chases, lunges, and threat displays between two adult males
(see Widdig 2002 for definitions of agonistic behaviors). A continuous agonistic
encounter that lasted up to 5 minutes between two individuals was counted once. Rates
of aggression were calculated separately for directed and received rates of aggression.
As aggression was directed only at lower-ranking animals, subordinate males had fewer
potential targets of aggression. To account for this rank-based difference in potential
aggression, the directed aggression rate was divided by the total number of intragroup
males ranking below the aggressor.

Glucocorticoid extraction and measurement
Hormone extraction followed previously described procedures (hair: Davenport et al.
2006; feces: Heistermann et al. 1995). The hair was washed twice with isopropanol to remove
surface contaminants. The hair was cut, ground, and then weighed. Cortisol was extracted with
methanol and assayed with the Salimetrics enzyme immunoassay (EIA) kit (catalog # 1-3002)
with intra- and inter-assay coefficients of variation (CV) of <10%. This assay has previously been
validated for rhesus macaques (Davenport et al. 2006; Dettmer et al. 2009).
After lyophilization, pulverization, and weighing, fecal samples were analyzed for GC
levels with an EIA for immunoreactive 11β-hydroxyetiocholanolone (abbreviated as fGC), which is
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a group-specific measurement of 5-reduced 3α,11β-dihydroxylated cortisol metabolites. The
inter- and intra-assay CVs were under 15%. This assay has been validated in rhesus macaques
(Hoffman et al. 2011, Rakhovskaya in prep.).
All samples were run in duplicates and presented values are standardized by the dry
weight of the hair or fecal sample.

Data analysis
To assess the reliability of the hair cortisol measure in the Cayo Santiago rhesus
macaques, I compared cortisol levels in hair samples obtained from the neck area (NHC) and the
thigh. The significant correlation between the two measures (Spearman rank correlation: r S=0.55,
two-tailed p=0.003, n=27) indicated within-individual consistency in hair cortisol values. I used
the NHC concentration in subsequent analyses for two reasons. First, rhesus macaques differ in
the frequency of self-directed grooming (Higham et al. 2011), which is more likely to be performed
in the thigh than the neck area, and is therefore less likely to lead to hair loss around the neck.
Second, the captive rhesus macaques in the validation study were also shaved in the neck area
(Davenport et al. 2006), thus the choice of NHC samples facilitated comparison across studies.
To my knowledge, the effect of aging on hair growth rate has not been quantitatively
assessed in non-human primates. However, the rate of human hair growth decreases with
advanced age (Makrantonaki and Zouboulis 2009; Mandt and Blume-Peytavi 2005); aging may
lead to hair glucocorticoid levels from older individuals representing a longer time interval than in
younger subjects. To identify any possible age-related changes in NHC, I ran a logistic
regression, which indicated a single change in the average NHC levels with advanced age
(Figure III-1). A close inspection of the NHC values indicates that the range of hormone values
were substantially higher after 15 years of age. Although an age-related change in NHC levels is
unlikely to be as sudden as is shown by the logistic regression, previous work also suggests that
rhesus males undergo physiological changes around 15 years of age (pineal activity: Goncharova
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and Lapin 2004; reproductive success: Rakhovskaya in prep., Widdig et al. 2004; cognition and
memory: Zeamer et al. 2011). Therefore, subjects were subdivided into ―young‖ (5-15 years,
n=20) and ―old‖ (>15 years, n=7) categories, and were analyzed separately.
To determine the most probable time interval represented by the hair samples, I
compared the Spearman rank correlations between the NHC concentration to the average levels
of fGC over various time periods: 3 months (November-January, September-November, OctoberDecember), 4 months (October-January and September-December), and 5 months (AugustDecember, September-January). As both fecal GC (Hoffman et al. 2011) and hair cortisol
(Davenport et al. 2006) concentrations have been independently validated to represent
adrenocortical activity in rhesus macaques, I expected these values to correlate, provided both
sample types were collected over a corresponding time interval. I then used the time period over
which the hair and fecal GC concentrations were most correlated to calculate the rates of
behavioral variables used in the multivariate analysis, in which each subject appeared once.
I examined the interaction between socio-demographic factors and long-term (hair)
cortisol levels by comparing general linear mixed models (GLMM), in which group identity was the
random factor and glucocorticoid concentration was the response variable. To further compare
long-term and short-term integrative measures of glucocorticoids, the same set of models was
also tested with the average fGC output as the dependent variable. As the GLMM approach
assumes a normal distribution of the response parameters, I confirmed that both NHC and fGC
values were normally distributed (Lilliefors test: p>0.10).
The predictor parameters were male dominance rank, male-directed grooming rate,
female-directed grooming rate, grooming rate with juveniles, male-directed rate of aggression,
and male age. These six continuous variables had low inter-correlation (collinearity condition
number=11.72, Baayen 2008) and exhibited sufficient variance (more than 10% of their values
differed from zero) to warrant further testing. Male tenure length was omitted from the analysis
due to its high correlation with male rank in non-natal males (rS=0.74, p<0.001, n=24).
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Regrettably, the sample size did not allow for testing of the interaction terms of the six predictor
variables. The analysis therefore focused on additive models.
The best GLMM was identified via a comparison of (i) the corrected Akaike’s Information
Criterions (AICc), which accounted for the number of predictors and sample size in each model,
(ii) Akaike weights (wi), which represented the likelihood of the corresponding model, and (iii)
evidence ratios (wi/wi+1), which compared each model to the GLMM which most closely
superseded it in the AICc ranking (Burnham and Anderson 2010). Consequently, the models
were ranked best (zeroth) to worst with the AIC difference (Δi) representing the empirical level of
support for model i compared to the zeroth model.
To further investigate the predictor variables in the best GLMMs of NHC and fGC
concentrations, I estimated their significance levels and carried out separate post-hoc tests on
them. Degrees of freedom, essential for establishing p-values, cannot be definitely determined
for general linear models containing random effects. However, recently, two techniques in the R
statistical software have been introduced to approximate the degrees of freedom, and
consequently p-values. The first (p.values.lmer) utilizes a likelihood ratio test to determine the
contribution of each of its component fixed effects by comparing a full GLMM to one that lacks
only that predictor.

The second function (pvals.fnc in the languageR package) relies on

thousands of iterations of Monte Carlo simulation to expand the sampling base and estimate the
likelihood of each predictor significantly affecting the response variable. Both programs yielded
similar results. Here, I present p-values approximated by the first program.
All statistical analyses were performed with the R software (version 2.12.1).
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Results
Glucocorticoid output in the birth season
Hair cortisol concentrations from the 27 adult male rhesus macaques ranged from 19.3 to
59 pg/mg, with an average ± SD of 33.41±8.97 pg/mg. These values were less than half of those
reported for individually-housed captive rhesus macaques (Davenport et al. 2006). Although
exposure to elements, such as rain, may lower the cortisol content in hair (Hamel et al. 2011), the
difference in the social environments of captive and Cayo rhesus males is also likely to be
reflected in NHC levels. Moreover, due to the island’s small size, any effect due to rain is unlikely
to differentially impact the subjects of this study. There was also variation in average fGC levels
during the September-December interval: 422.1±138.68 ng/g.

Comparison of NHC and fGC concentrations
Among males under 15 years of age, NHC values most closely correlated with average
fGC levels over the pre-shaving September-December period (V: rS=0.61, p=0.02, n=13; R:
rS=0.42, p=0.24, n=9). The imperfect correlation is likely a result of imprecise time matching of
the samples and of the physiological differences in glucocorticoid secretion processes for hair
and feces. Yet, as both measures are reliable indicators of circulating cortisol levels, fecal
samples can be used to approximate the time period which corresponds to the average hair age.
Therefore, behavioral and demographic data collected during the September-December period
were used as predictor variables in the GLMM analysis of GC levels. As no correlation between
fGC and NHC was observed in the older age group, a reliable determination of the time period to
which the hair samples corresponded was not possible. Therefore, males older than 15 years
were excluded from subsequent multivariate analysis.
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GC levels and group identity
Subjects from the larger group R had significantly higher NHC levels than those from
the smaller group V. Unlike fGC levels, the NHC values differed significantly between males from
the two social groups (2-sample t-test: t=3.848, df=18, p=0.001, Figure III-2). Consequently,
group identity was included as a random effect in the multivariate analysis. Although the number
of study groups precludes any definite conclusions about the specific intergroup discrepancy
which underlies the hormonal variation, the substantial difference in group size between R (~95
adults) and V (~36 adults) may contribute to this effect. The five males with the highest NHC
concentrations among males under 15 years were all members of the larger R group (Figure III-1,
in red). The absence of this group-related effect in fecal GC levels (Figure III-2, Rakhovskaya
and Heistermann in prep.) may be related to a greater resistance of the NHC measure to shortterm stressors, which can potentially overshadow smaller yet more regular stressors.

Socio-demographic factors and NHC levels
To evaluate the contribution of age and behavioral factors on hair cortisol levels, I
compared 64 general linear mixed models that included all possible additive combinations of the
six predictor variables. The best GLMM consisted of male age, dominance rank, rate of maledirected grooming, and male-directed aggression rate as significant predictors (Table III-1). This
model had AICc=112.88 with the evidence ratio of 0.47, compared to AICc=123.20 of a model that
only included the random effect of group identity, or a model that included all six predictor
variables, which had AICc of 127.98. Higher hair cortisol levels occurred in younger, lowranking, less aggressive, and/or less intrasexually affiliative males. The rates of received
aggression from males and of grooming interactions with females and juveniles were not related
to long-term GC levels.
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Socio-demographic correlates of fGC values
When the same set of GLMMs was analyzed for the average September-December fGC
level, a slightly different best model emerged. The best GLMM for fGC had the lowest corrected
AIC value of 207.58 and was, based on the evidence ratio, 1.47 times better than the next best
model. This model included male dominance rank, male-directed grooming, female-directed
grooming, juvenile-directed grooming, and rates of directed and received aggression (Table III-2).
Despite the large number of predictors in the model, only male dominance rank and maledirected aggression rate were significant (two-tailed p<0.05). Both of these variables were
significant in the same negative direction as in the best GLMM that corresponded to NHC levels
(Table III-1). There was no evident relationship between age and glucocorticoid concentration in
fecal samples. The small difference between NHC-based and fGC-based models reflects the
imperfect correlation between the two glucocorticoid measures.

Post-hoc analyses of significant socio-behavioral GLMM predictors
Male dominance rank was a significant predictor of glucocorticoid levels in both hair and
fecal samples. Yet, the relationship between rank and GC levels was not monotonic (NHC:
rS=0.124, p=0.594, n=20; fGC: rS=-0.209, p=0.371, n=20). To explore the rank-GC relationships
further, I subdivided males into 3 rank classes: high-ranking (top third of the male hierarchy, n=8),
mid-ranking (middle third of the hierarchy, n=6), and low-ranking (bottom third of the male
hierarchy, n=6). The data suggest that mid-ranking males experienced lower GC concentrations
than high or low-ranking males (Figure III-3). Previous work indicates that high-ranking rhesus
macaques enter the birth season in a worst physical condition than subordinate individuals
(Higham et al. 2011). This negative energy balance may impact the energy-mobilizing function of
the stress response, and thus explain higher GC levels in high-ranking males compared to midranking males. As low rank in rhesus macaques is related to short group tenure length (Berard
1990), the elevated glucocorticoid levels in low-ranking males may reflect both the stress of
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subordination (Abbott et al. 2003) and the challenge of immigration. The two males with the
highest NHC levels were recent arrivals to group R, which was the first non-natal group for the
male with the most elevated hair cortisol concentration (99L, Figure III-1). The same rank-GC
pattern was observed in both hair and fecal samples (Figure III-3).

Male-directed aggression was the only other consistently significant predictor variable for
glucocorticoid in hair and feces in male rhesus macaques. To better understand intrasexual male
social interactions, I compared male-directed affiliative and aggressive interactions in male
subjects of different rank classes (Figure III-4). As rates of social behaviors were not normally
distributed, I conducted the rank-based comparison with the non-parametric one-way KruskalWallis rank-based ANOVA. Mid-ranking males were significantly more aggressive than other
rank classes (Kruskal-Wallis test: h=11.193, df=2, p=0.004). Although a rank-based difference in
male-directed grooming was not significant (Kruskal-Wallis test: h=5.296, df=2, p=0.071), the
data indicate that high-ranking males spent less time in intrasexual affiliative interactions than
other subjects (Figure III-4).

Based on data from males under 15 years, age was a significant predictor for NHC levels
(Figure III-1, Table III-1), yet it did not contribute to the best GLMM for fGC. Moreover, in young
males, age was not correlated with GC levels in hair (Figure III-1). Although male rank and age
are not correlated (rS=-0.195,p=0.40 n=20), the age effect in NHC level may point to an agecontaining interaction term, which consistently contributes to NHC concentrations on a small
scale. Regrettably, the sample size was not sufficient to explore the potential effects of agebehavior interactions in this multivariate analysis.
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Discussion
My results indicate that the hair cortisol technique can be used, in conjunction with noninvasive tools, to gain new insights into the socioendocrinology of free-ranging group-living
mammals. The largely consistent models obtained by evaluating glucocorticoid outputs in hair
and feces show that different integrative measures of adrenocortical activity are comparable. Yet,
unlike fecal or urine indicators of adrenocortical function, the cortisol levels in hair are not affected
by variations in metabolic rate or sampling conditions. Moreover, this technique does not require
frequent (i.e. weekly or monthly) resampling of subjects to establish baseline GC levels.
Nevertheless, the hair-based GC evaluation also has limitations, particularly if applied to wild
populations. This method, unlike the non-invasive techniques, relies on capture, and preferably
recapture, for hair collection. As hair cortisol levels may be affected by age and such
demographic information is frequently unavailable for wild mammals, capture can offer the
important opportunity to use dentition for age estimation. Provided the conditions of capture and
age determination can be met, however, the measurement of hair cortisol level may usefully
complement fGC and other physiological data. Furthermore, for certain mammalian species,
such as large carnivores, a regular collection of hair samples may be more feasible than repeated
fecal sampling.
Due to the timing of the Cayo Santiago trapping season, the collection of repeated hair
samples from the study subjects was not possible within the time frames of this project.
However, the annual trapping period provides an opportunity to regularly and consistently collect
hair samples for a project of a longer duration. Such data may prove useful in analyzing the
contribution of animal identity to long-term GC levels. Animal identity emerged as the most
significant factor in the monthly fGC variations during the birth season (Rakhovskaya and
Heistermann in prep.). The exclusion of this variable from the present analysis and the focus on
inter-individual differences suggest that social interactions may significantly impact adrenocortical
function. The similarities between the best NHC- and fGC-describing GLMMs further illustrate the
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significance of behavioral variables in understanding the physiological stress response in groupliving male primates.
The present analysis of the relationship between socio-demographic factors and longterm integrated glucocorticoid levels indicates the role of dominance rank and intrasexual social
interactions in baseline adrenocortical activity of rhesus males. Previous work on male primates
in stable hierarchical societies has identified a variety of rank-GC relationships (Abbott et al.
2003). While historically this relationship has been analyzed as monotonic, in a recent multi-year
study of baboons, Gesquiere and colleagues found that within a single population the endocrine
profile of an alpha male differed from that of other high-ranking males (2011). The rank-GC
association in the present study was similarly non-monotonic, with mid-ranking males exhibiting
lower hormone concentrations with both measures of integrated adrenal function. This finding
contrasts with earlier analyses of glucocorticoid concentrations in blood or fecal samples in
rhesus males (adolescent: Bercovitch and Clarke 1995; adult: Rakhovskaya and Heistermann in
prep.), in which male dominance rank was not related to GC levels. The difference may reflect
the use of short-term and long-term measures of adrenal function. While the former (e.g. feces)
are more affected by acute stressors, such as received aggression, long-term indicators (e.g.
hair) are less susceptible to such transient events. Therefore, the latter can identify smaller, but
likely consistent stressors, such as a low and high dominance ranks. As most recent adult
members of social groups, low-ranking rhesus males exhibit higher levels of aggression
(Rakhovskaya in prep.) and restlessness, yet less feeding on high-energy foods (Higham et al.
2011). Although high-ranking males face different challenges, they can also result in elevated
GC levels. In particular, the negative energy balance, which characterizes high-ranking males
near the end of the mating season (Higham et al. 2011),which directly precedes the birth season,
may affect the pattern of GC secretion. Given the prevalence of the ―seniority rule‖ rather than
overt male-male contest in rank acquisition in the Cayo Santiago population (Berard 1990), the
non-monotonic rank-GC interaction is intriguing and suggests that additional social factors may
affect hormone output.
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Although the sample size of the study did not permit me to explore the impact of rankbehavior interactions on long-term GC levels, I found that males who displayed higher levels of
intrasexual aggression had lower glucocorticoid levels in hair and feces. This result differs from
other studies of the aggression-GC interaction in primates, which indicated a positive correlation
(Muller and Wrangham 2004) or no relationship (Bergman et al. 2005). My finding and the
prevalence of aggressive behaviors among mid-ranking and low-ranking rhesus macaques
suggest that directed aggression can function as an outlet for frustration (Sapolsky 2004). The
timing of the annual trapping period allowed me to evaluate hair cortisol levels, which
corresponded to the birth season. As rhesus males experience higher mortality (Hoffman et al.
2008), fGC levels (Rakhovskaya in. prep.), and potentially greater energetic demands (Higham et
al. 2011) during the mating season, further research is needed to evaluate the relationship
between directed aggression and long-term baseline GC levels during the more stressful
reproductive season.
Unlike initiated aggression, the rate of received aggression from other males was not
related to integrated measures of adrenal function. This result agrees with earlier findings related
to fecal glucocorticoid concentrations during the non-mating season in rhesus (Rakhovskaya and
Heistermann in prep.) and Assamese macaques (Ostner et al. 2008). The low rate of intrasexual
aggression, which occurred in less than 5% of all observations during the period of this analysis,
suggests that received aggression represents an acute, rather than a chronic, stressor for males
in the study population. Therefore, an integrated measure, such as hair, may not reflect such
interactions.
The far more common intrasexual grooming bouts, on the other hand, were related to
lower cortisol level in hair. A similar relationship between strong social bonds and GC levels has
been reported in female cercopithecines (Brent et al. 2011; Crockford et al. 2008), yet had not
previously emerged in studies of the dispersing males. This study suggests that male-male
affiliation may function as a coping mechanism, in addition to a coalition-building strategy
(Higham and Maesripieri 2010). Yet, interestingly, male baseline GC levels are primarily
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associated with affiliative interactions with members of the same sex, rather than females or
juveniles. As intrasexual grooming is most common among mid-ranking males, this behavior may
contribute to the lower long-term baseline GC levels that characterize this rank class. The
absence of such an association between male-male grooming and monthly fecal glucocorticoid
levels in rhesus (Rakhovskaya & Heistermann in prep.) suggests that the small, though
substantial, physiological consequences of affiliation may be overshadowed by other factors if
glucocorticoid levels are integrated over shorter time intervals. Thus, a comparison of long-term
and short-term GC measures may reveal the relative persistence and magnitude of social
interactions for primate health. Further work is needed to elucidate the potential long-term effect
of a rank-grooming interaction term on adrenocortical function in primate males.
The identification of age as a significant factor in hair cortisol levels suggests a
substantial change in hair growth rates with advanced age in rhesus macaques. The observed
birth season followed a mating season, characterized by elevated levels of glucocorticoids in
rhesus males (Rakhovskaya and Heistermann in prep.). If the hair samples of older males
represented a longer time interval than those of younger males due to delayed hair growth, then
old males’ hair GC levels could have partially dated to the mating season. Although the
phenomenon of age-related changes in hair growth rates has not been specifically investigated in
the species, it has been observed in humans (Mandt and Blume-Peytavi 2005). A similar
phenomenon in rhesus hair growth may reconcile my findings with the absence of an age effect
on baseline GC concentrations in comparable fecal glucocorticoid measurements and in captive
rhesus macaques (Goncharova and Lapin 2004). While the use of a shaving-reshaving
procedure could minimize this effect, it is unlikely to be easily achievable in studies of wild
primates. Therefore, subjects in such studies should be matched in age to facilitate comparison.
This trial application of the hair-based analysis of glucocorticoid levels to the study of the
links between socio-demographic factors and adrenal function in free-ranging primates suggests
that under certain conditions this novel technique has the potential to enhance future studies of
chronic stress response. In particular, further studies of species-specific hair growth patterns,

86

repeated hair sampling of the same individuals, and the ability to estimate age can greatly
facilitate this long-term GC indicator in wild mammalian populations. Moreover, as the source of
a consistently secreted average cortisol value, hair samples may be used to identify factors that
impact baseline GC levels, yet are overshadowed in short-term GC measures by responses to
acute stressors. For example, the hair cortisol analysis in this study suggests that group size
may contribute to baseline GC levels. While the small number of study groups requires a
cautious interpretation of these results, this observation invites further long-term endocrine
analysis of social mammals that live in groups of varying sizes. Due to its consistent deposition
and resilience to the effects of acute stressors, the hair-based analysis of cortisol can
complement the interpretation of hormone data obtained via short-term GC indicators by
identifying small yet steady socio-behavioral correlates of adrenocortical function.
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Table III-1. Best GLMM for NHC as the dependent variable. The constituent predictor variables,
all of which were statistically significant at α=0.05, are listed in the order of decreasing
significance (P-value).
Parameter

Estimate

St. Error

t-value

P-value

GroomMale

-1.10

0.387

-2.85

0.003

Age

-0.88

0.334

-2.64

0.014

AggressionM-Dir

-38.45

19.46

-1.98

0.029

Rank

-6.10

3.026

-2.02

0.034

Table III- 2. The best GLMM for fGC levels consists of these behavioral predictors. Only the first
two predictors (italicized) were significant (P<0.05).
Parameter

Estimate

St. Error

t-value

P-value

Rank

-392.048

141.281

-2.775

0.01

AggressionM-Dir

-1763.515

670.433

-2.630

0.030

GroomJuvenile

-30.171

12.713

-2.373

0.057

AggressionM-Rec

-206.387

138.437

-1.491

0.150

GroomMale

-29.259

16.847

-1.737

0.172

GroomFemale

-9.747

15.243

-0.639

0.418
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Figure III-1. Scatter plot illustrating the age-related change in NHC concentrations in the 27 focal
males. Each black spot represents the NHC level of a study subject. The dashed black line
indicates the logistic regression, which indicates that an age-related change in hair cortisol levels
occurs after 15 years of age.
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Figure III-2. NHC levels in males under 15 years are related to their group identity. Yet, this
pattern was not found in fGC samples. The boxes indicate the inter-quartile, while the whiskers
show the 95% confidence interval. The line in each box represents the median NHC level for
each social group (R in brown and V in green). Patterned boxes represent fGC values, while
boxes with no patterns represent NHC levels.
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Figure III-3. Male dominance rank and GC concentrations in hair (gray) and fecal (brown)
samples from 20 males under 15 years in R and V social groups. fGC points represent the
average±SD of fGC levels over the September-December interval.
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FigureIII-4. The comparison of the rates (average±SD) of affiliative and aggressive behaviors in
different rank classes. Low-ranking males (brown, n=6) were dominant to less than a third of
other group males. Mid-ranking males (orange, n=6) outranked between ⅓ and ⅔ of adult males
in their group. High-ranking males (green, n=8) belonged to the top third of the hierarchy.
Grooming rates are represented with a striped pattern, while bars representing rates of
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CHAPTER IV.

Analyzing glucocorticoid and androgen metabolites in feces: a cautionary note
“What could possibly go wrong?!”
– Anonymous
Summary
The use of non-invasive sampling techniques has revolutionized the study of physiology,
genetics, and epidemiology of wild mammalian populations. While fecal samples provide an
important, and often the only, opportunity to evaluate an animal’s endocrine profile, this method
also has certain limitations, which at times remain unaddressed. Hormone metabolism is the
principal complication in inferring levels of circulating steroid hormones from fecal samples. Due
to their clear significance for primate health, the so-called ―stress hormone,‖ cortisol, and
testosterone are commonly evaluated via non-invasive methods of behavioral endocrinology.
Cortisol belongs to the glucocorticoid class of hormones, while testosterone is an androgen. As
these steroid hormones in their free, unbound form frequently appear in very low and/or
unrepresentative concentrations in feces, researchers infer the circulating levels of these
hormones indirectly from their most abundant metabolites. While such analysis of metabolites
allows one to improve considerably the method’s sensitivity, the results may be inaccurate,
unless the relationship between the measured levels of the hormone metabolites and the native
levels of these hormones is thoroughly validated. Even qualitative results sometimes seem
contradictory. For example, in males, an increase in cortisol concentration in the blood inhibits
testicular production of testosterone, implying an inverse relationship between the levels of these
two hormones. Yet, several recent studies observed positive correlations between fecal
glucocorticoid and androgen levels in free-ranging primates. Are these results an artifact of the
metabolite method or a real effect? In this chapter, I discuss the potential sources of such
seemingly puzzling observations and suggest how such findings should be analyzed and
reported.
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Background
Over the past 20 years, the use of fecal samples has become a standard in studies of the
relationship between steroid hormones and behavior in wild primate populations (Lynch et al.
2003). As a non-invasive, integrative, and relatively easy-to collect (compared to urine) indicator
of endocrine status, feces often offer a unique opportunity to study the physiology of free-ranging
animals. In males, this technique has proven particularly effective in measuring the levels of
glucocorticoid (GC) and androgen (Andro) hormones (Strier and Ziegler 2005). In recent years, a
few studies that compared GC and Andro levels in feces found a close positive correlation
between these hormones (Lynch et al. 2002; Setchell et al. 2010; Rakhovskaya & Heistermann in
prep. Figure II-1). These empirical findings appear to contradict the widely-accepted view of the
inhibition of testosterone production by glucocorticoids (Sapolsky 2002). Naturally, the question
about the reliability of these results arises. One explanation of the observed GC-Andro
correlation concerns the specific technique used to determine hormone levels from fecal samples,
implying that the finding is an artifact of the method. Such suspicion can be based on the indirect
nature of the technique. Unlike blood, saliva or hair samples, steroid hormone concentrations in
feces are often determined via their metabolites. Therefore, it is essential to know the physiology
underlying hormone secretion and metabolism, and to carefully validate the assays used to
minimize cross-reactivity.

Physiology of GC secretion
Glucocorticoids are a product of and an integral contributor to the vertebrate stress response,
which is elicited by environmental perturbations or stressors. Upon encountering a stressor, the
hypothalamus releases the corticotropin-releasing factor (CRF), which stimulates the anterior
pituitary gland to secrete adrenocorticotropic hormone (ACTH), which, in turn activates the
adrenal gland (Sapolsky 2002, Figure 2). This stimulation causes the adrenal cortex to release
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glucocorticoids that mobilize energy resources and suppress the parasympathetic nervous
system, including the reproductive function (Wingfield et al. 1998).

Androgens in male primates
Testosterone is the androgen hormone underlying most secondary sexual characteristics
and sexual behavior in male vertebrates. Gonads and the adrenal cortex are the primary sources
of androgens in male primates. While the testes, in response to stimulation from the
hypothalamic-pituitary-gonadal axis, directly produce testosterone, the adrenal gland secretes
dehydroepiandrosterone (DHEA) via the same hypothalamic-pituitary activation as cortisol
(Maninger et al. 2010; Mohle et al. 2002). DHEA is a weak, yet very abundant, androgen that is
frequently converted into testosterone (Labrie et al. 1997, Figure 3). In humans, plasma levels of
DHEA can exceed testosterone concentration by 500 times (Labrie et al. 1997). Although both
testosterone and DHEA have certain biochemical similarities, they vary in the extent of their
androgenic effects on the body and the original site of secretion (Conley et al. 2004). The ready
conversion of DHEA into testosterone substantially complicates the assessment of the original
endocrine source of circulating testosterone and excreted androgens.

GC and androgens
In males, a constant or chronic elevation of GC levels inhibits testicular sensitivity to the
luteinizing hormone (LH) (Sapolsky 2002). As testicular production of testosterone is stimulated
by LH (Baum 2002), high circulating GC levels lead to a decrease in testosterone levels.
Therefore, glucocorticoid and androgen concentrations are expected to be inversely related
(Sapolsky 2002), to some extent this effect may be reduced during the mating season in
seasonally breeding species (Wingfield and Sapolsky 2003). On the other hand, due to the
similarity in the activation pathways of cortisol and DHEA, a correlation between glucocorticoids
and androgens may be found, regardless of the levels of testosterone of testicular origin. For
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example, the diurnal patterns of DHEA and cortisol in serum are very similar in middle-aged male
rhesus macaques (Macaca mulatta: Urbanski et al. 2004). A recent study in captive rhesus
males indicates that the release of the two hormones may differ based on the type of stressor,
with acute stressors increasing both DHEA and cortisol concentrations, and chronic stressors
affecting only DHEA levels (Maninger et al. 2010).

Measuring GC and androgen levels in feces
In many recent endocrinological studies of wild primate males, adrenocortical function
was evaluated from fecal samples with a cortisol assay (Macaca fuscata: Barrett et al. 2002;
Cebus apella nigritus: Lynch et al. 2002; Mandrillus sphinx: Setchell et al. 2010; Brachyteles
arachnoides: Strier et al. 1999). Similarly, a testosterone assay was used to monitor testicular
activity (Macaca fuscata: Barrett et al. 2002; Papio cynocephalus/Papio ursinus/Theropithecus
gelada: Beehner et al. 2009; Lemur catta: Cavigelli and Pereira 2000). Yet, due to the use of
fecal samples, these inferences about levels of circulating hormones may be associated with two
potentially serious concerns.
High metabolism of steroid hormones: Native hormones are heavily catabolized prior to excretion
(cortisol: Bahr et al. 2000; testosterone: Mohle et al. 2002). Moreover, testosterone in feces
rarely occurs in its free form, but tends to be highly conjugated (i.e. attached to a hydrophilic
group, such as glucuronide or sulfate). Therefore, native steroid concentrations in feces may be
unrepresentative of those in the body. Given the high rate of hormone metabolism and
substantial interspecific variation in the process (Heistermann et al. 2006), careful speciesspecific biological validations of hormone assays are essential.
As the adrenocortical function is strongly stimulated with anesthesia (such as ketamine), the
effectiveness of a glucocorticoid assay can be assessed by a continuous collection of fecal
samples before, during, and after a ketamine injection (Hoffman et al. 2011). This method
reveals that frequently cortisol is not the most abundant glucocorticoid in primate feces and other
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GC are more representative of adrenal function (corticosterone: Beehner and Whitten 2004;
cross-species comparison of GC metabolites: Heistermann et al. 2006). Androgen assay
validation can be carried out using the natural and well-documented difference in the hormone
levels between adult and juvenile males (Rakhovskaya & Heistermann in prep.). Due to the low
levels of native testosterone in feces, its androgen metabolites may be a more reliable indicator of
circulating androgen levels (cross-species comparison of testosterone metabolites: Mohle et al.
2002; epiandrosterone: Ostner et al. 2011).
High-performance liquid chromatography (HPLC) technique can help to rule out cross-reactivity
as an explanation for a correlation between GC and androgen levels (Figures 4a and 4b). Based
on their chemical structures, HPLC separates and identifies the actual compounds measured by
each assay. Thus, the accuracy and independence of GC and androgen assays can be
determined.
Uncertainty about hormone origin: The redundancy of some pathways underlying hormone
production and breakdown can complicate the identification of the original endocrine source of
hormone metabolites measured in feces. This issue becomes particularly problematic when
multiple hormones produce the same fecal metabolites. In primates, this is the case with DHEA
and testosterone (Mohle et al. 2002). Although these two androgens have different endocrine
origins, their metabolism can yield indistinguishable metabolites. The only way to definitively
distinguish between fecal androgen metabolites of gonadal and adrenal origins is to perform
radiolabeling studies, where animals are injected with radioactive testosterone and DHEA
(Heistermann pers. comm.). However, the use of such techniques is not likely to be permitted in
primates. Therefore, assays of androgen metabolites in feces cannot conclusively measure
specifically testicular activity. Nevertheless, the importance of the potential contribution of DHEA
to fecal androgen values can be inferred indirectly. First, serum DHEA levels are known to
dramatically decrease with advanced age (Conley et al. 2004). Therefore, in the absence of agerelated changes in testosterone, a comparison of fecal androgen levels across different adult age
groups in a species may indicate the hormone proportion that corresponds to testosterone.
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Second, despite some similarities in catabolism, it is unlikely that all testosterone metabolites are
identical to those of DHEA. Thus, a correlation of multiple metabolites of testosterone may
indicate that testosterone, rather than DHEA, is being measured. Further studies into the
metabolism of DHEA and a development of additional DHEA-specific assays are needed to solve
this problem.

Suggestions for reporting of field GC & androgen results
Despite these limitations, a careful comparison of glucocorticoid and androgen values in
feces can permit useful and unique insights into the physiology of free-ranging male primates.
The application of the following three suggestions can enhance the interpretation of steroid
hormone output in fecal samples. First, a species-specific and biologically relevant validation of
assays is indispensable for measuring the true hormone of interest. Second, the use of precise
terminology is essential. As most assays of fecal androgens do not specifically measure
testosterone of testicular origin, the resulting articles should not state that their measures reflect
gonadal activity. Third, the simultaneous reporting of glucocorticoid and androgen data in primate
studies may help to comparatively evaluate the potential effect of DHEA on androgen values in
feces. The recognition of fundamental primate physiology and the application of assays validated
within a species will further advance the discipline of field endocrinology.
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Figure IV-1. Endocrine profiles of 4 adult male rhesus macaques over 10 month of continuous
sample collection. Each sampling point is indicated by a dot. Black dots and solid lines represent
glucocorticoid levels in feces (fGC), while white dots and dashed lines represent androgen levels
in feces (fAndro). Due to large differences in concentrations of recovered androgens and
glucocorticoids, hormone levels are shown as natural logs. The Spearman rank correlation
coefficient for each subject is represented by rS.
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Figure IV-2. The hypothalamic-pituitary-adrenal (HPA) axis of the vertebrate stress response.
The diagram was adapted from
http://www.montana.edu/wwwai/imsd/alcohol/Vanessa/vwhpa.htm
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Figure IV-3. DHEA production and conversion into testosterone. The size of arrows is not
representative of the rate of conversion.

109

Figure IV-4a. HPLC profiles of immunoreactivity detected with the 11β-hydroxyetiocholanolone
(fGC) assay. Arrows indicate elution positions of reference standards: 1) cortisol (fraction 14), 2)
corticosterone (22), 3) 11ß-hydroxyetiocholanolone (24), 4) 11-oxoetiocholanolone (29), 5) 5ßandrostane-3,11,17-trione (36), 6) testosterone (43), 7) androstendione, dehydoepiandrosterone
(55), 8) epiandrosterone, 5ß-DHT, 5ß-androstane-3ß-ol-17-one (72), 9) 5ß-androstane, 3α-ol-17one (82), and 10) androsterone (100)

3a,11ß-dihydroxy-CM (pg/50µl)

250

1

2 3 4

5

6

7

8

9

10

200

150

100

50

0
0

10

20

30

40

50

60

70

80

90

100

110

HPLC fraction

110

Figure IV-4b. HPLC profiles of immunoreactivity detected with the epiandrosterone (fAndro)
enzymeimmunoassay. Arrows indicate elution positions of reference standards: 1) cortisol
(fraction 14), 2) corticosterone (22), 3) 11ß-hydroxyetiocholanolone (24), 4) 11oxoetiocholanolone (29), 5) 5ß-androstane-3,11,17-trione (36), 6) testosterone (43), 7)
androstendione, dehydoepiandrosterone (55), 8) epiandrosterone, 5ß-DHT, 5ß-androstane-3ß-ol17-one (72), 9) 5ß-androstane, 3α-ol-17-one (82), and 10) androsterone (100)
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CHAPTER V.

Conclusion
1. Summary of results
Social interactions and age have been shown to impact male reproduction and
physiology in a variety of group-living mammals (Adkins-Regan 2005; Dixson and Anderson
2004). However, assessment of the reproductive and endocrine correlates of different sociodemographic factors in free-ranging group-living populations is greatly complicated by the
complexity of the ecosystems inhabited by these animals and the frequent absence of accurate
demographic data for wild populations. I aimed to identify the demographic and behavioral
variables related to male mating success and adrenocortical function in free-ranging adult male
rhesus macaques (Macaca mulatta) of the island of Cayo Santiago, near Puerto Rico. Due to its
regular food provisioning, lack of predators and detailed demographic database, this population
provided a unique (though not unrealistic Malik et al. 1984) opportunity to study the interaction
between sociality, age, reproduction, and endocrinology, in the near-absence of non-social
stressors.
To evaluate the reproductive consequences of male dominance rank, age and social
interactions, male mating rate was compared to these socio-demographic factors. As previous
work has indicated a close association between consortship rate and paternity in rhesus
macaques (Dubuc et al. 2011), consortship rate was used as a measure of male reproductive
success. A higher average consortship rate was observed in males characterized by high rank,
younger age (<15 years) or low rate of intrasexual aggression. A further analysis of specific
male-female dyads also revealed that consorting dyads tended not to groom each other outside
of the female’s conceptive period. The results suggest that endurance rivalry (Bercovitch 1997)
and strong female choice (Manson 1992) may explain the effect of multiple socio-demographic
characteristics on male mating success in rhesus macaques.
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Using behavioral, demographic and hormonal data collected over 10 months, I
investigated seasonal and inter-individual variations in glucocorticoid and androgen levels in male
rhesus macaques. Although, the ultimate objective of behavioral endocrinology is to understand
how hormones influence behavior and how behavior affects hormone secretion, such causational
studies are rarely possible in free-ranging populations. For this non-invasive analysis, I
compared how male dominance rank, age, aggressive and affiliative behaviors correlated with
hormone levels extracted from weekly fecal samples. Male rhesus macaques exhibited
substantial seasonal variation in the highly correlated glucocorticoid and androgen
concentrations. Hormone levels were most elevated in the beginning of the mating season, when
most conceptions occurred. The only behavioral variable that was significantly correlated with
glucocorticoid levels in this high mating season was male-male aggression rate. Hormone levels
in the later mating season were lower and similar to those observed in the birth season. Male
identity was the best predictor of glucocorticoid output during these time periods. In apparent
anticipation of the next mating season, hormone concentrations began to rise at the end of the
birth season. The results emphasize the importance of seasonality and inter-individual
differences for male physiology in the species.
My application of a novel hair-based technique identified the importance of dominance
rank and affiliative interactions for long-term cortisol levels in male rhesus macaques. As an
integrated and direct indicator of adrenocortical activity over a few months, hair can be more
resistant to variation in sampling condition and metabolic rate than are shorter-term glucocorticoid
measures, such as feces or urine. Consequently, hair cortisol levels may be more sensitive to
the physiological effects of long-term social relationships, such as stable dominance rank or
affiliative bonds. An intra-individual comparison of glucocorticoid levels in hair and feces
(averaged over three months) indicated a significant positive correlation in young and middleaged male rhesus macaques. This relationship confirmed the reliability of the cortisol values
obtained from hair and allowed for a more precise dating of hair samples.
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Over the past decade, non-invasive endocrinological methods have dramatically enriched
our understanding of the physiology of wild populations. Although these techniques often offer
unique insights into primate endocrinology, certain limitations associated with these techniques
are regrettably rarely highlighted. There are two potential sources of complication inherent in the
use of fecal or urine samples as sources of hormone levels. First, the high rate of hormone
metabolism in many primate species necessitates the use of hormone metabolites as indicators
of the levels of native glucocorticoids and androgens. Therefore, the use of fecal and urine
samples for endocrinological work should be predicated on familiarity with underlying physiology
and thorough species-specific validation. Second, there is uncertainty about the endocrine origin
of androgens due to the abundance of adrenocortical androgens, which may explain the highly
positive correlation between glucocorticoids and androgens in several primate species. Although
at present it is not possible to distinguish non-invasively between testicular and adrenocortical
androgens, accurate terminology is essential in the reporting of findings.
2. Significance of findings
This is the first study to evaluate the reproductive and hormonal correlates of sociodemographic characteristics in free-ranging group-living primate males where the effects of nonsocial stressors, such as food scarcity and predation, can be largely discounted. A combination
of four factors sets this study apart from previous work: focus on males, use of exact
demographic data, comparison of different techniques for evaluating adrenocortical function, and
concurrent observations of two social groups of different sizes.
First, observations of males, rather than females, formed the basis of this project and
facilitated comparison among males of different dominance ranks. Much data on male
reproductive success in primates comes from female-focused studies (e.g. Alberts et al. 2003;
Bissonnette et al. 2011; Dubuc et al. 2011; Manson 1996), which likely bias observations toward
high-ranking individuals who are frequently in close proximity to females, and underestimate the
effects of male-male interactions. In fact, this study is the first to identify the associations
between (i) male-male aggression and male mating success in a species characterized by
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endurance rivalry and (ii) male-male grooming patterns and long-term average glucocorticoid
levels. Variation in male glucocorticoid and androgen levels across reproductive seasons also
suggests that the length of the mating season for males may be shorter than traditional
descriptions imply, given their focus on female physiology.
Second, the inclusion of precise age information allows for a more accurate evaluation of
the contribution of male age to mating success and physiology. Given the relatively slow life
history of rhesus macaques, male age may affect not only male physical condition (e.g.
endurance and sperm quality), but also residual reproductive strategy. The results emphasize
the importance of incorporating reliable data on male age into studies of male reproduction and
physiology. In addition to being a significant predictor of male mating success, age appears to
impact hair growth rate, thus complicating the application of the hair cortisol technique to males of
advanced age.
Third, the scope of the study was substantially expanded with the use of several methods
for determining hormone levels. In addition to validating and comparing glucocorticoid and
androgen concentrations, I carried out the first comparison of hair-based and feces-based
techniques for assessing adrenocortical function. This test of the hair cortisol method indicated
the potential of the technique for evaluating chronic adrenocortical activity in populations where
capture, age-approximation and shaving of individuals are possible.
Finally, this project is unusual among other behavioral studies of male primates living in
multi-male groups in its analysis of two social groups. Aside from increasing my sample size, the
use of two social groups permitted an initial assessment of a possible group effect on male
behavior and physiology. The absence of group-based differences in male mating success and
seasonal changes in hormones indicates that these results are likely generalizable to other
populations. The identification of a difference in hair cortisol levels between the social groups, on
the other hand, suggests that chronic adrenocortical activity may be affected by group size.
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3. Limitations
Despite breaking new ground and encompassing a broad range of data, the study
suffered from complications inherent in a project limited by time and sample size. As the lifespan
of a male rhesus macaque on Cayo Santiago can extend into late teens and even early twenties,
the 1.5-year duration of this project covered a relatively small proportion of the subjects’ lives.
The timing of the trapping period further reduced the overall amount of behavioral data and fecal
samples, and made repeated sampling of hair impossible. Similarly, the island’s limited research
hours narrowed the window of data collection and hindered the assessment of diurnally variable
behaviors. The sample size of 29 males, while relatively large for comparable studies, restricted
the range of available statistical tools. Moreover, other occurrences (e.g. emigration, death,
inability to capture all subjects for hair collection) further reduced the actual sample size.
Nevertheless, these complicating factors highlight promising directions for future research.
4. Future directions
In addition to extending the analysis to more species and populations, my results suggest
three distinct ways in which our understanding of male reproduction and behavioral endocrinology
can be improved.
First, the reproductive success of long-lived animals, such as the male rhesus macaque,
is affected by a range of factors, the relative importance of which can only be fully evaluated by
analyzing lifetime reproductive success. The ongoing effort to determine paternity of all Cayo
Santiago primates will someday allow male lifetime reproductive success to be quantified.
However, such analysis should integrate behavioral and physiological data, which, given the time
frames involved, likely will require extensive collaboration and commitment.
Second, the role of inter-individual differences in male physiology underscores the
importance of identifying the specific (i.e. genetic, developmental, behavioral, etc.) factors
underlying this variation. Although ideally such an investigation would follow males for their entire
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lives, some important factors may emerge in a shorter-term study, which incorporates more
subjects and/or a longer window of data collection than the present analysis.
Third, the strong glucocorticoid-androgen correlation invites further exploration. Does the
correlation indicate a glucocorticoid-testosterone relationship? Or does it instead demonstrate
the more predictable association between glucocorticoids and adrenocortical androgens (e.g.
DHEA)? Aside from emphasizing the need for the development of a reliable non-invasive
measure of adrenocortical androgens, the observed glucocorticoid-androgen correlation may be
probed further with hair samples, which directly indicate the integrated levels of circulating
hormones (e.g. testosterone and DHEA).
The most pressing question, however, remains the applicability of these findings to wild
rhesus macaque populations. Despite the long research history of the species in the laboratory
and on Cayo Santiago, continuous behavioral studies of wild male rhesus macaques are still
lacking.

117

References
Adkins-Regan E. 2005. Hormones and animal social behavior. Princeton NJ: Princeton University
Press.
Alberts SC, Watts HE, and Altmann J. 2003. Queuing and queue-jumping: long-term patterns of
reproductive skew in male savannah baboons, Papio cynocephalus. Animal Behaviour
65:821-840.
Bercovitch FB. 1997. Reproductive strategies of rhesus macaques. Primates 38(3):247-263.
Bissonnette A, Bischofberger N, and van Schaik CP. 2011. Mating skew in Barbary macaque
males: the role of female mating synchrony, female behavior, and male-male coalitions.
Behavioral Ecology and Sociobiology 65(2):167-182.
Dixson AF, and Anderson MJ. 2004. Sexual behavior, reproductive physiology and sperm
competition in male mammals. Physiol Behav 83(2):361-371.
Dubuc C, Muniz L, Heistermann M, Engelhardt A, and Widdig A. 2011. Testing the priority-ofaccess model in a seasonally breeding primate species. Behavioral Ecology and
Sociobiology 65(8):1615-1627.
Malik I, Seth PK, and Southwick CH. 1984. Population-growth of free-ranging rhesus monkeys at
Tughlaqabad. American Journal of Primatology 7(4):311-321.
Manson JH. 1992. Measuring female mate choice in Cayo Santiago rhesus macaques. Animal
Behaviour 44(3):405-416.
Manson JH. 1996. Male dominance and mount series duration in Cayo Santiago rhesus
macaques. Animal Behaviour 51:1219-1231.

118

